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ABSTRACT
Title of Thesis: Predicting the ignition and bumning rate of wood in the
Cone Calorimeter using an integral model.
Name of degree candidate:  Michael John Spearpoint
Degree and Year: Master of Science in Fire Protection Engineering, 1999.
Thesis directed by: Dr. James G. Quintiere, Professor, Department of Fire

Protection Engineering

This study compares ignition and burning rate measurements of wood in the Cone
Calorimeter with a one-dimensional integral model that describes the transient pyrolysis

of a semi-infinite charring solid subject to a constant radiant heat flux.

Four species of wood were exposed to a range of incident heat fluxes both with their
grain parallel and perpendicular to the incident heat flux. The time to ignition and
burning rate measurements obtained from the Cone Calorimeter were used to derive
characteristic properties of the materials. These properties were used as input to the

integral model to compare its predictions with the experimental data.



Thermocouples were embedded as various depths in the samples. Temperature
measurements were used to determine the progress of the thermal penetration wave and
char depth through the material. The measurements were compared to predictions from

the integral model.
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1. INTRODUCTION

“We are not beginners

we will not be fooled

the times have been our teachers & they

teach an iron rule, we do our

best work in the dark, we do our

thinking on the run”

A Fire is Bumning, Oysterband (Holy Bandits, 1993)

1.1 Background
Ever since prehistoric times humans have known that wood burns. The ability of wood to
burn has been both a benefit and a problem for humans. The capability to predict the
burning rate of wood in modemn times has become increasingly important as fire safety
engineering moves toward a performance-based approach to building design. Computer

based fire and hazard models require the burning rate of materials to be specified as

input.

The pyrolysis behaviour of solid materials can be divided into two types: non-charring
and charring. Non-charring materials burn away completely leaving no residue and can
be modelled using theory similar to flammable liquids. In contrast, charring materials
leave relatively significant amounts of residue when they burn. The pyrolysis of charring
materials such as wood is a complex interplay of chemistry, heat and mass transfer.
Charring materials must be modelled in terms of a pyrolysis front penetrating into the

material with an increasing surface temperature and without a well-defined steady state.



The purpose of this study is to examine a one-dimensional integral model for charring
materials (in this case wood) by comparing the model with data obtained from an ignition
and burning rate apparatus (the Cone Calorimeter). This study will show how we might
predict the ignition and burning characteristics of a charring material using a limited
number of experimental measurements to obtain properties that are required by the
model. Although some material properties can be obtained from the literature, several
properties are derived from the time to ignition measurements and through an iterative
process of comparing the model predictions from the integral model with experimental

test data. This study demonstrates a methodology for obtaining these properties.

1.2 Structure and thermal decomposition of wood

1.2.1 Growth and structure

There are many species of wood and they are used by society for a wide range of
construction, utensil and decorative purposes. Woods are subdivided into two botanical
categories: softwoods and hardwoods and the physical structure as well as the chemical

composition is considerably different between these two.

Janssens [1] in his thesis gives an excellent overview of the composition of wood and its
thermal decomposition. Much of the description given is this section is taken from his

work supplemented by information from Drysdale [2] and Cholin [3].

The macroscopic structure of softwood and hardwood stems is very similar. The stems

consist of a core of wood (xylem) covered by a protective layer of bark. The xylem




consists of long fibre-like cells that are oriented preferentially in one direction (vertical)
referred to as the grain. Water, minerals and nutrients are taken up by the roots and are
transported through the outer part of the xylem to the leaves. Photosynthesis in the leaves
uses the water and CO, (from the atmosphere) to form various sugars. A solution of the
sugars into water (also referred to as sap) is moved to various parts of the tree through the
inner layer of the bark (phloem). The growth process is limited to a thin layer between the
xylem and the phloem, called the cambium. New cells are created on either side of the
cambium through division of existing cells. Thus, both the phloem and the xylem are

growing. The cambium forms a ring with a continuously increasing diameter.

After a number of years, the cells in the inner part of the xylem die. The wood in this part
of the xylem is referred to as heartwood. The remaining (outer) part of the xylem is called
sapwood. From the moment the first heartwood is formed, it expands together with the
cambial layer. Therefore, commercial lumber usually consists of a mixture of primarily
heartwood and some sapwood. The mechanical properties of heartwood and sapwood of
the same stem are very similar. However, heartwood is often denser than sapwood. In
addition, heartwood contains a variety of products of sugar decomposition originating in
the cambium. These products can be removed by physical or chemical extraction
processes and are therefore commonly referred to as extractives. The extractives clog tiny
passages in the cell walls. Consequently they significantly reduce the permeability of
wood. The chemical composition of some extractives is very different from that of the
main components of wood; cellulose, hemicellulose and lignin. Thus, because of the

aforementioned physical and chemical phenomena associated with the presence of



extractives, the fire behaviour of heartwood may be somewhat different from that of

sapwood.

The elemental composition of dry wood consists of about 50% carbon, 6% hydrogen,
44% oxygen and small amounts of nitrogen and some inorganic compounds. The
principal elemental constituents are combined into a number of natural polymers;
cellulose, hemicellulose and lignin. Cellulose consists of a large number of glucose
molecules joined together in a chain-like polymer. The molecules align themselves into
bundles (microfibrils) which provide structural strength and rigidity to the cell wall.
Glucose, (CsH;20g), is the principal sugar generated by photosynthesis. The chemical
formula of cellulose is (C¢H100s), i.€. one molecule of water is generated for every pair
of glucose molecules linked together. The degree of polymerisation, 7, may be as high as
30,000. Various other sugars produced in the leaves are combined to branched-chain
polymers called hemicellulose. The degree of polymerisation is generally only a few
hundred. Lignin is a stable high molecular weight polymer that is phenolic in nature. It
acts as a binding agent within and between cell walls. The lignin content, in general, is

significantly higher in softwoods as illustrated in Table 1.

Type Cellulose  Hemicellulose  Lignin
Hardwood | 40-44 23-40 18-25
Softwood | 40-44 20-32 25-35

Table 1. Chemical composition of dry wood in percent mass.

Wood normally contains a quantity of moisture present by different physical

mechanisms. Much of the space in a live tree is occupied by water, called “free water”.



When a tree is cut, the free water is gradually replaced by air. Wood also contains water
that is hygroscopically bound to the cellulose molecules through a weak chemical bond.
This “bound water” will leave the wood at a rate determined by the temperature and
relative humidity. The moisture content of wood below the range of 5 to 7 per cent is
called the “moisture of constitution”. This water forms the bonds between the adjacent
cellulose molecules and cannot be removed without the physical destruction of the wood.

Thus, even “dry” wood always contains some moisture.

Due to its grain, wood is an anisotropic material i.e. it does not have the same structure in
its orthogonal directions. Thus the structure of wood can be considered parallel to the
grain, tangential to the grain and radial to the grain. As will be discussed later in more

detail, the properties and burning characteristics vary with the grain orientation.

1.2.2 Burning characteristics
As aresult of the complex chemical and physical structure of wood, its ignition and
burning characteristics are also complex. Consequently, only a simplified description of

these mechanisms is given here.

Consider a slab of wood with one surface uniformly exposed to a constant external
incident heat flux and a source of ignition (a pilot) close by. The homogeneity of the
incident heat flux to the exposed surface allows the heat and mass transfer through the
slab to be considered one-dimensional. The incident flux pyrolyses the surface of the

wood thus releasing volatile fuel gases. The mass flow rate of the volatiles is a function



of several factors including the intensity of the incident energy and the orientation of the
grain. If the mass flow rate of the volatiles is sufficient to reach the lower flammable
limit of the fuel/air mixture then ignition occurs. At this instant the heat flux to the
surface of the wood is a combination of the external flux plus the flux from the flame.
The rate of heat release rapidly rises to a maximum then a char layer gradually builds up
as the pyrolysis front moves inward. The char layer forms an increasing thermal
resistance between the exposed surface and the pyrolysis front resulting in a continuously
decreasing rate of heat release after the first peak. Experimental data are available
showing that if the slab is sufficiently thick, its rate of heat release eventually reaches a

more or less steady value.

The char layer begins to break down rapidly at tempe.ratures above 300 °C. The char
layer also shrinks and pressure gradients (i.e. stresses) are set-up within the material.
Small cracks appear on the surface, perpendicular to the grain, and these cracks allow
volatiles to escape more easily. The cracks gradually widen as the char layer deepens

leading to the characteristic ‘alligatoring’ patterns that are frequently observed.

After the volatiles have been exhausted, flaming ceases and a solid char residue remains.
The char continues to bumn in a smouldering mode. Prior to that, char oxidation is usually
minimal since the flame prevents diffusion of O, to the surface. Therefore, heat release
rate and related quantities measured during the flaming phase are predominantly those of
the volatiles. The main constituent of wood char is carbon, so that its net heat of

combustion is around 32 MJ/kg. It has been found for various species of dry wood that



the char yield is 33% * 3% of the original mass of wood. With an average net heat of
combustion of wood of 17 MJ/kg, the mean heat of combustion measured in the Cone
Calorimeter during the flaming mode should then be about 10 MJ/kg. The values

(§ 4.4.1) actually measured are somewhat different due to variations in the char yield and

moisture in the conditioned samples.

The three main components of wood have quite different thermal degradation
characteristics. This is illustrated by thermogravimetric analysis, showing that the

constituents decompose to release volatiles over different temperature ranges [2],

typically:
Cellulose 240-350 °C
Hemicellulose 200-260 °C
Lignin 280-500 °C

Consequently, the thermal degradation characteristics of wood shift towards higher
temperatures with increasing lignin content. This explains why the surface temperature at
ignition is significantly higher for softwoods than for hardwoods (see § 3.2.3). In
addition, at temperatures in excess of 400-450 °C lignin decomposes to volatiles for
about 50% of its mass and is therefore responsible for most of the char. In contrast,
a-cellulose leaves only 5% char after prolonged heating at 300 °C. The charring rate of
wood is also very sensitive to the presence of inorganic impurities, such as fire retardants,

because they affect the chemical kinetics of the pyrolysis process.



The heat of combustion of wood measured in an oxygen bomb, which includes the heat
released by the char, increases with lignin content. This may not be relevant to real fire
situations of interest for this work, since the heat released under such conditions is
primarily that of the volatiles. However, the net heat of combustion of the volatiles is also
slightly higher for lignin than for the other constituents. Parker [4] measured 14.7 MJ/kg
for lignin, 13.8 MJ/kg for cellulose and even lower values for some hemicelluloses of
Douglas fir. Still, since more energy is required to generate the volatiles, it is expected

that fire performance of wood improves with increasing lignin content.

As a result of the grain structure of wood, not only do the material properties vary but
also the mechanisms by which the volatiles are able to exit the surface of the wood and
thus the ignition and burning characteristics. Consider the xylem cells as long “tubes” and
two scenarios where the incident heat flux is either parallel or perpendicular to these

tubes (Figure 1)



Incident Incident
heat heat

Preferred direction of
travel of volatiles

D E \
N A A
<—m
<}:|3|
(a) Incident flux parallel to grain. (b) Incident flux perpendicular to grain.

Figure 1. Incident flux and grain orientation scenarios.

Volatiles generated just below the surface of the unaffected wood can travel more easily
along the grain compared to at right-angles. The appearance of jets of volatiles and
flames at the ends of a burning log is evidence for this. In case (b), the cell wall impede
the flow of volatiles to the exposed surface and thus the walls have to decompose to
allow a sufficient mass flux of fuel to achieve the lower flammable limit. This
decomposition process requires additional energy and thus we might expect (and this
study demonstrates, at least for low heat fluxes) that the ignition of wood is more easily

achieved when the wood is exposed with its grain end-on i.e. case (a).



1.3 The Cone Calorimeter

1.3.1 Background

The Cone Calorimeter [5] is a standard apparatus for measuring the ignition and burning
characteristics of materials. The apparatus was developed during the 1980's at the
National Institute of Standards and Technology (NIST) formerly the National Bureau of
Standards (NBS). The Cone Calorimeter at the University of Maryland was installed and
tested by Woodford [6]. It is not the intention of this study to provide details of the theory
and operation of the apparatus as this can be readily found in the literature. For example,
the construction and operation of the apparatus is detailed in NFPA 264 [7] and ASTM
1354 [8]. The University of Maryland Cone Calorimeter and its accompanying software
was designed and built during or prior to 1988 and thus meets earlier versions of the
relevant standards than those currently in use. Figure 2 shows a schematic diagram of the
Cone Calorimeter taken from reference 8. The University of Maryland Cone Calorimeter

includes the chamber.

10



—L/—Pressure Ports
Thermocouple (located
Orifice Plate, Orifice ———_ 1_ /—nn stack mgh}linm

Size is 1/2 1.D. of Stack }-—sas __'/-57mm Dia. Orifice

]‘ ~ —Gas Sample
J

114 mm Dia. Duct 27
Blowear —L

Blower [

Motor | ---‘E FE

=

Note 1—All dimensions are in milimetres.
Note 2—° Indicates a critical dimenslon.

Figure 2. Schematic of the Cone Calorimeter (from ASTM 1354, 1995).

Samples are mounted in a retainer frame. A truncated cone shaped electric heater is used

to impose an external incident heat flux onto the surface of the sample. An electric spark
igniter can be used to initiate piloted ignition. The time to ignition ¢, is recorded by the

operator. The apparatus uses a load cell to measure mass loss rate per unit area m" .

Oxygen consumption calorimetry is used to obtain the rate of energy release per unit area

0" . The combustion products from the burning sample are collected in the hood and
passed along the duct. The relative decrease in the oxygen concentration in the
combustion gases compared with normal ambient is recorded. The mass flow of the
combustion gases is obtained from the measurements of the temperature and pressure
difference across an orifice plate located in the stack. A thermocouple is used to measure
the gas temperature and a pressure transducer is used to obtain the pressure difference.

Thus, the amount of oxygen consumed per unit mass of combustion gas can be found. By

11



using the fact that the energy release of a burning material per unit mass of oxygen

consumed is almost a constant for most materials [9], the energy release rate can be

obtained. The instantaneous heat of combustion AH, can be obtained from

AH, =

c

3 [

Equation 1

and it has been observed that the heat of combustion is generally constant for a material
undergoing flaming combustion. In addition, the smoke density across the duct is
determined by using a receiver to measure the obscuration of a laser as smoke passes

through its optical path.

The mass loss rate, rate of heat release (rate of energy release or also referred to as the
burning rate), instantaneous heat of combustion, smoke obscuration and other data were
all automatically recorded as functions of time by a commercial data acquisition system
connected to the Cone Calorimeter. For the majority of the tests, the scanning rate of the
data acquisition system was 5 s. However, smaller scan rates of 2 s and 1 s were used in a
limited number of the experimental tests. Note that the current (1995) version of the
NFPA standard [7] requires a scan rate of 2 seconds or less as opposed to 5 s or less in
earlier versions. In addition, the definition of sustained flaming is 4 seconds rather than

the earlier definition of 10 seconds which is used in this study.

The data collected by the Cone Calorimeter data acquisition system was post-processed
using a program provided with the system. Finally, this processed data was imported into
a commercial spreadsheet package for analysis.

12



1.3.2 Calibration and set-up

In preparation for the study, a retainer frame was modified to allow thermocouples to be
located inside the test sample. The heat flux from the cone heater was calibrated against a
calibrated total heat flux gauge. A second standard reference total heat flux gauge was
used to verify the calibration. Thus the temperature of the cone heater was selected to

ovide a known incident heat flux (F
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Cone heater temperature [°C]

Figure 3. Comparison between the temperature setting on the Cone Calorimeter and the
calibrated total heat flux gauge.

Prior to each day of testing the Cone Calorimeter was calibrated according to the
procedure laid down by Woodford [6]. The load cell was calibrated between 0 g and

250 g in increments of 50 g using standard weights. The pressure transducer in the duct

13



was zeroed. The oxygen analyser was calibrated with nitrogen (i.e. 0% oxygen) and
ambient (i.e. 20.95 % oxygen). The smoke extinction laser system was calibrated using
0.3 OD/m and 0.8 OD/m neutral density filters. A 5 kW methane burner flame was used
to obtain the calibration factor. The heater was positioned such that the exposed surface
of the material under test was 25 mm away. Finally, the system was checked for

consistency by burning a 25 mm thick sample of black PMMA.

Each time the incident heat flux was changed, the output from the heater was verified

with one of the calibrated total heat flux gauges.

1.4 Burning rate and ignition tests

1.4.1 General

The wood samples were provided such that the grain was parallel to the incident heat flux
(i.e. cut across the grain) and perpendicular to the incident heat flux (i.e. cut along the

grain) as shown in Figure 4.
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Figure 4. Sample grain configurations.

Four species of wood were tested in the study: Douglas fir, Redwood, Red oak and
Maple. Douglas fir and Redwood are both softwoods whereas Red oak and Maple are
both hardwoods. The samples were all cut from the sapwood portion of sections of
lumber. The test numbering system used in this study was as follows

nssotfi] e.g. IDFL2
where

n denotes the test series; 1 or 2

ss denotes the species; Douglas fir (DF), Redwood (R), Red oak (0O),

Maple (M),
o denotes the grain orientation; L is along or X is across (Figure 4),
t is the test number for that species and orientation; 1 ... n,

and the optional post-fix letter ‘i’ indicates an ‘ignition only’ test.
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Samples were stored in a desiccator at nominally 50 % relative humidity and 20 °C. The
moisture content of each sample was measured with a hand-held moisture meter prior to
exposure. In many cases, it was found that the moisture content of the samples was below
the sensitivity of the meter. The minimum sensitivity value was recorded in such

instances.

All samples were tested in the horizontal orientation. Samples were wrapped in a single
layer of aluminium foil, placed into the sample holder and backed by non-combustible
ceramic fibre insulation material. In most tests the layer of ceramic fibre blanket was
necessarily thin since the maximum height of the sample retainer frame is 50 mm and the

nominal height of the samples was also 50 mm.

The doors to the chamber were closed during the experiments and air was provided by a
vent in the base of the chamber below the load cell. The spark igniter was located
~10 mm above the surface of the sample. Sustained ignition is defined as when the

sample continues to flame for an uninterrupted period of at least 10 s.

The majority of the experimental tests used in this study were conducted at the University
of Maryland by the author on behalf of Schroeder [10] as part of his analysis of the
change in the structure of materials when exposed to an external heat flux for relatively
prolonged durations. The test materials and experimental protocol were thus primarily
selected by the requirements of Schroeder’s analysis. As it will be described in § 4.2,

these requirements presented certain problems and limitations on the results obtained.
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The experimental series’ were supplemented by a small number of additional tests that
were not part of Schroeder’s study. The small number of extra samples available to the
author limited these tests. The experiments described in this study were conducted in two

series as described below.

1.4.2 Burning rate tests

The main ‘burning rate’ series of 54 tests included the complete measurement of time to
ignition, mass loss, rate of heat release and smoke extinction data. Incident heat fluxes of
25 kW/m?, 35 kW/m?, 50 kW/m? and 75 kW/m? were selected for these experiments.
These heat fluxes are typical of values used by other researchers. For the majority of the
burning rate tests, exposure times #;of 25 minutes were used, however, in a few cases the

exposure time was extended to 75 minutes. A summary of the exposure conditions for

each species of wood in the two grain orientations is given in Table 2.

I TO[TIL TR | 2L 10 [ TOL 10| 9@ 3% | 5 0L, 3%

35 1 (l,L) - 2(IL, 1X) - - - - - 3L, 1X) -
50 5 (AL, 2X) - 6 (3L, 3X) - - - - - 11 (6L, 5X) -
75 70GL4X) [ 1(1X) | 6 (3L, 3X) - 6 (3L, 3X) - 6 (3L, 3X) - 25 (121, 13X) 1 (1X)

Total |15(8L,7X)} 1(1X) |17(8L,9X)| 1(1X) |8 (4L,4X)|2(IL, 1X)| 8 (4L, 4X) | 2 (IL, 1X) | 48 (24L, 24X)| 6 (2L, 4X)

Table 2. Main ‘burning rate’ series test exposure conditions for each species of wood in
the two grain orientations.

Each sample was nominally 50 mm thick and 96 mm square (measured to the nearest

millimetre). For the majority of the ‘burmning rate’ tests, 0.813 mm (0.032") diameter
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sheathed Type K thermocouples were inserted into the samples through holes at heights
of 4 mm, 12 mm, 24 mm and 36 mm below the top surface (Figure 5). A thermocouple
was located between the back of the sample and the retainer frame and a thermocouple
was used to record the ambient temperature outside the Cone Calorimeter. The
thermocouple measurements were recorded by a data logging system separate from the

Cone Calorimeter data acquisition system.
Cone heater

.

=
oﬂ

Wood sample Spark
i:}' igniter
o
o
o
0

Ceramic fibre
blanket backing Retainer
Thermocouples at 4 mm, frame
12 mm, 24 mm, 36 mm
and at back face

Figure 5. Cone Calorimeter sample configuration in main ‘burning rate’ tests.

Although the post-processing program provided with the Cone Calorimeter provided an
average heat of combustion, in this study the value was obtained manually from the
instantaneous data. This was necessary for several reasons. Firstly, at the end of each test
the Cone Calorimeter normally requires that the sample remain on the load cell for
approximately one minute while the data collected is completed. However, since the

requirement of Schroeder’s work was to have exact exposure times, the sample was
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necessarily removed immediately after the end of the test was declared. This resulted in
the output from the load cell being affected and thus the final automatic average heat of
combustion calculation. Secondly, the wood samples were exposed for long periods of
time during which burning did not occur. As will be described in § 4.7, during these long
test periods the instantaneous heat of combustion would shift as the wood charred and
this char oxidised. Finally, as will be discussed later in § 4.2, a meaningful measurement

of the instantaneous heat of combustion was not always achieved.

Thus, where applicable, the average heat of combustion was found by obtaining the mean
of the instantaneous heat of combustion data over the portion of the test between ignition
and before any fluctuations at the end of the test (Figure 6). Where char oxidation effects

were observed, a separate average heat of combustion for the char was obtained.
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Figure 6. Obtaining the average heat of combustion (Test 1RL3).

Observations were made prior to and during the burning of the sample. It was noted that
as the samples burned, the flames would initially be at their tallest (Figure 7 {a}), then
reduce in size over time and would sometimes disappear completely leaving the char
layer to glow (Figure 7 {b}). Figure 8 shows an example of a normalised flame height for

Test 2DFX9i (Douglas fir at 35 kW/m?)
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Figure 7. Sample burning in the Cone Calorimeter; {a} 1:40 after ignition; {b} 25:00
after ignition (Test 2DFX9i).
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0.6 |

0.4 4

Normalised flame height [-]
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0.0

00:00
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03:00
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Figure 8. Normalised flame height (Test 2DFX9i).
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The flames were more likely to cease at the lower incident heat fluxes but that was not
always the case. In some cases, after the majority of the exposed surface had ceased
flaming, some smaller flames could be seen around the edges of the sample. This was due

to shrinkage and volatile gases escaping from the vertical edges of the sample.

1.4.3 Ignition tests

A total of 41 additional ‘ignition only’ tests at lower heat fluxes were conducted where
only time to ignition was measured. These tests were conducted between heat fluxes
below 25 kW/m? down to heat fluxes in the region of the critical heat flux for ignition for
a particular species of wood at a particular grain orientation. The critical heat flux is
defined as the minimum external heat flux required to achieve piloted ignition of an
exposed sample. In these ‘ignition only’ tests, the sample was exposed to the external
heat flux until sustained ignition occurred or until it was determined by observation that
ignition was unlikely to take place. If ignition occurred, the sample was extinguished

immediately.
The selection of a ‘failure to ignite’ criterion is somewhat subject to operator
interpretation and patience. The ASTM standard for the Cone Calorimeter [7] suggests in

paragraph 11.2.8

If the specimen does not ignite in 10min, remove and discard, unless the specimen

is showing signs of heat evolution.
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Similarly, the ASTM standard for the Lateral Ignition and Flame Test (LIFT) apparatus

[11] suggests in its paragraph 11.2.8

The test is considered complete if ignition does not occur within 20 min. However,

this is an arbitrary cut-off, and longer times can be considered.

Clearly both of these test methods leave the ultimate decision as to when ignition has not
(or will not occur) to the operator and the requirements of the particular experiment. In
this study the decision as to when to terminate a test was of particular importance in

determining the critical heat flux for ignition (§ 3.2.2).

In the “ignition only’ tests single 50 mm thick samples of wood were cut into four equal
thickness slices. For each test, the four slices were stacked in the sample holder to mimic
the full thickness samples used in the main test series. The arrangement of samples in the
Cone Calorimeter was thus similar to Figure 5 with the exclusion of the thermocouples.
Critical heat flux measurements were not conducted for Red oak since all samples were

used in the main ‘burning rate’ experiments.

In retrospect the use of the stack of samples may have been unnecessary and also may
have influenced the results somewhat. Wheré the stacked samples were subject to
incident heat flux for a considerable period of time, the moisture and volatile content in
the lower samples may have been altered so that when those samples were repositioned at

the exposure surface in subsequent tests they were no longer effectively ‘virgin’ wood.
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On the other hand, since samples were exposed for several tens of minutes before
ignition, the moisture and volatile content would have undergone charges regardless of

any effects.

Prior to ignition it was noted that some samples would warp either away from or towards
the cone heater. The warping was seen to ‘self-correct’ (i.e. return to almost level) in
some instances. In addition, coupled with shrinkage, there were cases of the sample
warping out of the retainer frame at one comer or along an edge. These factors may have
introduced some margin of error into the ignition results since the sample may have

ignited sooner or later than if it had remained level.

In the tests conducted in this study it was found that the wood continued to ignite even at
very low incident heat fluxes i.e. below 10 kW/m?, which is considerably lower than
values quoted in the literature (see § 3.2.2). It was observed that at these low heat fluxes,
a localised glowing could be seen on the surface of the wood prior to ignition. In such
cases, ignition would eventually occur with the flames initially limited to the region of
glowing but gradually spreading over the exposed surface of the sample. In contrast, at
higher heat fluxes the sample would immediately ignite over the complete surface of the
sample. It is likely that this localised glowing contributed an additional source of energy

to that provided by the heater to the surface of the wood eventually leading to ignition.
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For example, Figure 9 shows the glowing on the surface of a sample of along grain
Maple exposed to an incident heat flux of 12 kW/m? (Test 2ML4i). The glowing

appeared approximately 1 hr into the test followed by ignition at 1 hr and 10 minutes.

localised

dgwing region

Figure 9. Localised glowing region observed on sample 2ML4i.

Martin [12] alludes to this change in the ignition mechanism at low heat fluxes. He
suggests that the ignition behaviour of cellulose can be split into three regions;
convection-controlled, diffusion-controlied and ablation-controlled. He further notes that
cellulose exhibits basically two kinds of ignition phenomena without the presence of a

pilot flame - spontaneous flaming and glowing ignition.

The glowing ignition typically occurs under conditions of slow heating and therefore is

not the usual response to the diffusion-controlled region. Its occurrence is dependent on
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the mineral content of the specimen and size of the irradiated area. Finally, the glowing
ignition, almost without exception, sustains itself once started whereas the flaming

ignition may be either transient or persistent.

1.5 Literature review

1.5.1 General

Tvaic 1
1YSiS, OUIMming

There is a substantial volume of work in
and charring behaviour of wood (and cellulosic materials). It is not within the scope of
this work to be able to reference and review every study conducted. The exclusion of a
particular piece of work does not neglect its importance to this field of study but simply
highlights the inability of the author to cover every contribution. However, several of the

more directly relevant studies have been selected as sources of material property data,

modelling techniques and for comparison purposes.

Kanury [13] gives a general overview of the ignition of solids by thermal radiation or
convection. Roberts [14] reviewed the role of kinetics for the pyrolysis of wood and
related materials. Simms [15] examined the role of thermal radiation on the damage to
cellulosic solids by considering the chemical and thermal histories of the material. Work
on char rate in wood includes studies by Kanury [16] who examined the phenomenon
using Arrhenius pyrolysis kinetics. Schaffer [17] also investigated the charring rates of

various species of wood.

26



Atreya and co-workers have done extensive work on the ignition and burning of wood.
Included in this was the initial work by Atreya [18] that included experimental
observations for the piloted ignition of wood and identified several important factors. A
detailed finite difference ignition model was developed by Tzeng & Atreya [19]in an
attempt to quantify the experimental observations. Abu-Zaid & Atreya [20] considered
| the effect of moisture on the ignition of cellulosic materials. Further work by Atreya,
Carpentier & Harkleroad [21] examined the effect of sample orientation on piloted

ignition and flame spread on wood.

A detailed study of the pyrolysis kinetics of cellulose has been conducted by Suuberg,
Milosavljevic & Lilly [22]. Cellulose was chosen because it is relatively well
characterised material and, as described in § 1.2.1, cellulose forms a major component in

the structure of wood.

1.5.2 Ignition and burning rate models

Several models for the burning rate of solid materials, both charring and non-charring,
have been developed. Examples include the studies by Delichatsios & de Ris [23]; Chen
et al. [24]; Wichman & Atreya [25]; Yuen et al. [26] and Parker [4]. These models range
from simple treatments of the ignition and burning process, integral model approaches
through to an analysis of the complex chemical kinetics involved in the burning of a
charring material. Many of the models consist of complex computational codes that
require a relatively large number of property values to complete their predictions. These

factors can (at least at present) limit the use of such models since many of the properties
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are difficult to obtain and the codes may not be suitable for incorporation into more

general fire hazard models.

In this study, we examine the integral model initially developed by Quintiere [27]. A one-
dimensional pyrolysis model which includes the processes of charring, vaporisation,
flame and heat conduction effects was proposed. This model was further developed by
Quintiere & Igbal [28] to solve the one-dimensional unsteady heat transfer equations
during the pre-heating and gasification periods using an integral method. Anderson [29]
studied the integral solution to Quintiere's [27] model and compared the integral solution
with the exact solution. Finally, in the study conducted by Hopkins [30], the model
developed by Quintere [27] was compared against experimental data for non-charring

thermoplastics tested in the Cone Calorimeter.

The integral model approach to the burning of a charring matenial has been successfully
demonstrated by Moghtadéri, Novozhilov, Fletcher & Kent [31] using a computational

fluid dynamics model. Simulation times of about eight hours are quoted by the authors.

1.5.3 Experimental data
Experimental data for the ignition and burning rate of several species of wood have been

presented in the literature. Studies of particular reference are outlined below.

Janssens [1], [32], [33] tested several species of wood in the Cone Calorimeter of which

Douglas fir and Redwood will be of particular interest to this study. In all cases the

28



samples were tested in the vertical orientation with the grain perpendicular to the incident
heat flux (i.e. equivalent to the along grain orientation used in this study). Parameters

obtained included critical heat fluxes, ignition temperatures and energy release rates.

Measurements of the burning rate of wood have been made by Tran & White [34] using
the Ohio State University (OSU) apparatus. Four types of wood, namely Redwood,
Southern pine, Red oa!( and Basswood were tested at a range of incident heat fluxes
between around 17 and 56 kW/m®. Parameters including times to ignition, average
burning rates, charring rates were obtained. The study also obtained properties for the

char residue for each type of material tested.

Other experimental data have been reported by Parker [35] for Douglas fir and
Dietenberger [36] for Redwood in both the LIFT and Cone Calorimeter. The study by
Hopkins [30] also includes data for two charring materials, namely Redwood and Red
Oak, but no detailed analysis or comparison with the integral model was conducted with

these data.
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2. THERMO-PHYSICAL MATERIAL PROPERTIES

The ignition and burning rate integral model used in this study requires a number of
properties to be obtained for the material. A few of the properties can be easily measured,
others can be obtained from experimental data and the remainder may be obtained from

the literature.

The determination of fundamental material properties can be a complex process. For the
pyrolysis of wood we require the thermal conductivity &, density p and specific heat
capacity ¢ and the related properties of thermal inertia kpc and thermal diffusivity &/pc.
These properties may change as the material undergoes thermal and/or mechanical

changes.

In addition we may also need to obtain estimates of the heat of gasification of the
pyrolysis gases L and heat flux of the flame g7 as the material burns. Anderson &
Quintiere [37] suggest that an iterative procedure of choosing a heat of gasification and
comparing the predictions of the model with experimental data be used. The guess is

refined until there is good agreement. This approach is used in this study as the way in

which to obtain reasonable values for the heat of gasification and flame heat flux.

2.1 Density

The density of wood is primarily dependent on the species but it will also vary by

individual tree and within that individual tree. Any moisture in the wood will also affect
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the density. In this study, the average bulk density of each sample was calculated from its

mass and volume such that

m

Pw=—"7T_"
AO'qw.O

Equation 2

where 4 is the surface area of the exposed face of the sample and 7, is the initial height
of the sample. In this study, the mass and volume were recorded prior to testing in the
Cone Calonmeter and the density simply obtained from Equation 2. The calculated

density for each individual sample is shown in Figure 10.
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E
®
= .
& 500 :
= s
:
2 40 °
g Closed symbols - along grain
300 - Open symbols - across grain
200 ; ‘ .
Douglas fir Redwood Red oak Maple

Specie

Figure 10. Sample density variation.

The sample densities for Douglas fir exhibit a spread with the along and across grain
samples clustered into two distinct groups. Similarly for the Red oak samples. The
Redwood samples also show a spread of values but no apparent clustering. The densities
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of the Maple samples show less variation than found for the other three specie. Table 3

shows the average density of the wood species tested with a comparison of some values

quoted in the literature.

- [kgh
430 [1], 312 [34]
328
753 660 [34]
678
502 465 [1], 500 [35], 450 [2],
455 512 [40]
741
across 742

Table 3. Average density of virgin wood samples.

2.2 Specific gravity

The specific gravity s of wood is based on its weight when oven dry and volume at 6%
moisture content [38]. The relationship between density and specific gravity, using values
for the specific gravity quoted in the Wood Engineering Handbook [38] for the species

tested in this study and the average densities given in Table 3, is shown in Figure 11.
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Figure 11. Relationship between density and specific gravity.

It is clear from Figure 11 that the measured average densities of the samples are

consistent with the average specific gravity values.

2.3 Moisture content

800

The moisture content of wood may be assumed to be a pseudo-property of the material

and, as described in § 2.4 and § 2.5, it can have an influence on the thermal conductivity

and specific heat capacity and thus the ignition and buming rate characteristics of wood.

The moisture content is a function of the species of wood and the conditions in which it is

stored (§ 1.2.1). For example, Cholin [3] shows that the moisture content of wood is

affected by the relative humidity of the atmosphere. The study by the Fire Officers

Committee quoted by Cholin [3] demonstrates how the increase in the moisture content

of wood increases the time to ignition for a given incident heat flux.
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The measured moisture content of the samples tested is shown in Figure 12. The
minimum sensitivity limit of the moisture meter (see § 1.4.1) for each species is also
shown. Thus where the moisture meter indicated that the moisture content was below the

minimum sensitivity it was no possible to determine the exact moisture content but only

determine the maximum limit.
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Figure 12. Measured moisture content of wood samples used in 'burning rate' tests.

For the Red oak and Maple samples, the moisture content was at or just above the
sensitivity limit of the meter. The majority of the Douglas fir and Redwood samples had
moisture contents above the sensitivity limit of the meter with the Redwood exhibiting

the widest variation in moisture content.
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2.4 Thermal conductivity

The study by Fredlund [39] showed how the thermal conductivity varies in wood with
emittance, density, moisture content, temperature and the type of gas enclosed in the
material. Thermal conductivity increases markedly with increasing moisture content,

being about twice as high at 100 per cent moisture content as it is at 10 per cent.

The thermal conductivity also depends on the orientation of the grain of the wood.
According to the Wood Engineering Handbook [38], the thermal conductivity of wood is
approximately 2.0 to 2.8 greater along the grain than perpendicular to the grain. Fredlund

[39] quotes a study that gives the range of ratios as between 1.75 and 2.25 (though he
appears to use a weighting factor of yO 58~ 1.72 in his calculations). Desch &

Dinwoodie [40] quote values for the thermal conductivity of Spruce and European oak
for the various grain orientations (parallel or tangential/radial). The ratios of the values
give 2.10 and 1.75 for Spruce and European oak respectively. From these literature data it
is assumed that the increase in the thermal conductivity for the samples tested across the

grain is typically 2.1 times greater than along the grain for any species of wood.

Janssens [41] provides equations that allow the thermal conductivity to be calculated. The
equations include the effect of moisture, density, the thermal conductivity contributions
due to the air and radiation effects. Figure 13 shows typically how the thermal
conductivity for dry and wet wood varies with temperature and density using Janssens

equations.
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Figure 13. Variation of thermal conductivity with temperature for typical wood densities.

Many investigators have suggested that the thermal conductivity of dry wood varies as a
linear relationship with temperature and Figure 13 shows this relationship. Figure 13
indicates that the inclusion of moisture results in a non-linear relationship although it is
not clear over what range of temperatures Janssens equations are valid. Finally, using
Janssens equations, the thermal conductivity for wood with a density of 500 kg/m’ at

50 °C was calculated to be 0.13 W/m.K with 10% moisture and 0.36 W/m.K with 100%

moisture. This result is comparable with the increases suggested by Fredlund [39].

2.5 Specific heat capacity
The specific heat capacity of wood depends on temperature but is practically independent

of density or species. For oven-dry wood, Desch & Dinwoodie [40] give the specific heat
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capacity as 1,360 J/kg. K. When wood contains water, the specific heat is greater than dry
wood because of the larger specific heat of water. The apparent specific heat of moist
wood is larger than the simple sum of the separate effects of wood and the water. This is
due to the thermal energy absorbed by the wood-water bonds. The specific capacity of

wood will also increase with increasing temperature.

2.6 Char
As described in § 1.2.2, the burning of a charring material consists of a pyrolysis front
moving through the unburned material leaving behind the char residue. Figure 14 shows a
schematic of the form of a wood sample prior to testing and after exposure to the incident
heat flux. Down to a certain depth below the exposed surface of the sample becomes char
and the top surface of this char layer 7 is lower than the original sample height 7. In
practice, the top surface of the char layer and the interface between the char layer and the
virgin wood below were not necessarily horizontal and the interface not necessarily as
distinct as suggested in the schematic (see § 4.5.2). Thus the determination of the final

height of the sample and the char depth were open to a certain degree of interpretation.

At the termination of a test in the Cone Calorimeter, the remainder of the sample was
weighed and its dimensions recorded. An average final height and char layer depth were
reported by Schroeder [10] and those values are used in this study to obtain the char

fraction as follows:
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Figure 14. Pre-test and post-test char fraction determination.

Post-test, the mass of the whole sample is
m,=m,  +m,,
thus the mass of the char is

Myp=me—m,,

The mass and volume of the post-test virgin wood can be found from
mw,f = pw,f'Vw,f

Vw,f = Ao(nf _77¢,f)

thus

M, ;= Py = T41)

Substituting into Equation 3 gives
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my=m;,—p, Ao(nf - 77¢,f)

hence

Ver Po=my=p, 41, =1, )

The volume of the char portion is
Ve.r =4y
thus the density of the char, from Equation 4

_my =Py A, —n,)
’ A,

The char fraction is defined as

g=2t

w

thus

#= _L(”‘f =Py Ay~ ’7¢.f)J
Pw ANy,

Equation 4

Equation 5

and it is assumed that p, , = p,, ,, i.€. the density of the post-test virgin wood is the same

is the initial density of the sample.

At temperatures exceeding 200 °C, the thermal degradation process results in a decrease

in the volume and the amount of shrinkage is different parallel or perpendicular to the

grain. Janssens [41] provides methods to obtain the shrinkage as a function of

temperature and wood type. Analysis of the post-test samples by Schroeder [10]
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identified varying amounts of shrinkage compared to the original sample. The shrinkage

factor @ was used to obtain a modified char fraction such that
¢ =g’
Equation 6
Tran & White [34] suggest a similar relationship between the char contraction factor and

the char yield in their analysis. Thus the char fraction can be obtained from

¢=E_ m,—p, A(U[ _77¢,/)
pw A']¢_f

Equation 7
The char fractions obtained from the test samples are detailed in § 4.5.
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Figure 15. Thermal conductivity of dry wood and char with density.

Figure 15 shows the variation in the thermal conductivity of a typical dry wood at given

densities as given by Janssens [41] (§ 2.4) and the variation in the thermal conductivity of
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char [41]. Figure 15 shows that the change in thermal conductivities is almost equivalent
over a wide range of densities. As discussed in § 2.1, the average density of the samples
tested in this study ranged from around 330 kg/m’ up to around 750 kg/m’. Thus, it can
be assumed that the ratio of the thermal conductivity of the virgin wood with the thermal

conductivity of the char can be approximated to the ratio of the virgin wood density to the

char density such that
k, P

Equation 8

Figure 16 confirms that Equation 8 holds for a range of virgin wood densities with the
approximation better at the higher virgin wood density of 800 kg/m3 compared to
300 kg/m’.
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Figure 16. Thermal conductivity and density ratio approximation.
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2.7 Thermal inertia and thermal diffusivity
The thermal inertia [ is defined as the product of the thermal conductivity, density and
specific heat capacity such that

I=kpc

Equation 9
and the thermal diffusivity « is defined as

Equation 10

The integral model described in this study requires values for the thermal conductivity &
and the specific heat capacity c at elevated temperatures. It is clear from § 2.4 and § 2.5
that, since the thermal inertia and the specific heat capacity are temperature dependent,
the thermal inertia at ignition is not that what would be obtained at ambient conditions.
Instead the thermal inertia at ignition is an ‘apparent’ value and it will be shown in §

3.2.4 that this apparent thermal inertia can be obtained from ignition data.

In the study by Parker [35] it was shown that the thermal diffusivity of Douglas fir
remained at an almost constant value of 2.1 x 10”7 m%/s up to temperatures of around
250 °C. Similarly, Suuberg ef al. [22] found that the thermal diffusivity of raw cellulose
remained constant at 0.86 x 107 m?/s £22% between 116 °C and 289 °C. Janssens [41]
also quotes work in which it is suggested that the thermal diffusivity is independent of
temperature. Thus, in this study it is assumed that the thermal diffusivity is constant for

each given species of wood.
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The values of the thermal diffusivities perpendicular to the grain used in this study are
given in Table 4. The value for Douglas fir is taken from Parker [35] and the value for

Redwood taken from Dietenberger [36].

1.88E-07
2.10E-07
1.88E-07

Table 4. Thermal diffusivity values.

Values for Maple and Red oak were not found in the literature and so these had to be
estimated by simply taking the average of the two known values quoted. Taking an
average value was justified by the fact that according to the Wood Engineering
Handbook [38] the typical value for the thermal diffusivity of wood is 1.61 x 107 m?/s
and this value varies with specific gravity s over the range of 0.35 to 0.60 by

6.45 x 10" m%/s. Assuming that the typical quoted value in the Wood Engineering
Handbook for the thermal diffusivity is at the mid-range of the specific gravity (i.e. for a
specific gravity of 0.48), the variation of thermal diffusivity with specific gravity can be
compared with the values quoted by Parker and Dietenberger assuming similar moisture

contents for each species (Figure 17).
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Figure 17. Variation of thermal diffusivity with specific gravity.

It is clear that the data quoted by Parker and Dientenberger closely match the relationship
given in the Wood Engineering Handbook. Furthermore, there is almost negligible
change in the thermal diffusivity over the specified range of specific gravities. Thus,
given the relationship between the density and specific gravity discussed in § 2.2 (Figure
11), using an average value for the thermal diffusivity for the Maple and Red oak appears

reasonable.

It is interesting to note that the thermal diffusivity of 6.6 x 10”7 m%/s used for White pine

by Moghtaderi et al. [31] was considerably greater than the values quoted above.

Using Equation 9 and Equation 10, apparent values for the thermal conductivity and the

specific heat capacity can be obtained. However, as discussed in § 2.4, the thermal
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conductivity of wood increases by a factor of around 2.1 along the grain compared to
perpendicular to the grain. Hence a factor f'of 2.1 is introduced for the across grain

orientation thermal diffusivity. Thus, from Equation 9

pc=

x|~

Equation 11
substituting into Equation 10 and including f'where f= 1 for the along grain samples and

f=2.1 for the across grain orientation,

fa =

ANES

Equation 12

rearranging to solve for & we get

k2
a=—
f1
Equation 13
k=\fal

Equation 14

and we can find ¢ from

Equation 15
2.8 Emissivity

In this study the emissivity of the surface of the wood is assumed to be unity. Janssens [1]
quotes several sources regarding the emissivity and absorptivity of wood that suggest the

absorptivity of virgin wood is on average 0.76, independent of species. After thermal
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exposure begins, this value changes due to the darkening of the surface as it chars. The
emissivity of oven dry wood varies between 0.60 and 0.72 depending on species. Finally,
the assumption that Kirchoff’s law (a = ¢) holds is reasonable for most analyses. Thus we
might expect the emissivity to be around 0.72 prior to exposure and this value to

approach 1 as the surface chars due to the external heat flux.
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3. IGNITION MODELLING AND EXPERIMENTS

3.1 Theory
3.1.1 The integral model
The integral analysis for ignition was developed by Quintiere [27] assuming radiative

ignition of the surface of the material due to an incident radiative heat flux.

Figure 18. Integral model ignition scenario.

The following assumptions are made for the ignition model:
(a) Ignition occurs when the surface temperature achieves a critical value, T,
(b) Solid is inert up to ignition and

(c) Solid is infinitely thick
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The thermal heating of the solid is depicted by a thermal penetration layer of depth &(2) as

shown in Figure 18. By considering the incident heat flux and the losses due to radiation

and convection, the net heat flux at a given time ¢ is given by

§"O)=ag/-co(T} -T)~h.(T, - T,)

where the emissivity £ and the absorptivity « are assumed to be 1 as discussed in § 2.8,

thus ¢7(t) becomes

§"t)=¢/-o(T'-T,)-h.(T,-T,)

The control volume form of conservation of energy

gives

g{ J-HpudV + th(ﬁ —-Ww).ndsS = Qadded + Wshaﬂ - HPW.ﬁdS
cv cs

d 5 dé) .,
ok [ T(a)ass peri - 22 )= 0

d dé o
pc[g [ T(x)ax-, E]= q"(t)
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Equation 16

Equation 17

Equation 18



Where c is the specific capacity of the wood at ignition i.e. ¢ =c,,, and p is the density of

wood at ignitioni.e. p=p,, = p, since we assume the density remains constant.

Consider

Equation 19

=% J:de—% fz;,dx

d dis
=7 onx_I;);l;[x]O

=ij'51"dx—1:,-‘-"-‘Z
dt o dt

Thus, from Equation 18 and Equation 19
d o
pe jo (T-T,)dx=4"(0)

Equation 20
We need to select a temperature profile through the region & such that the boundary

conditions are
() when x=0, ¢"(t)=-k or
Ox
(ii) when x=6, T=T,
(iii) when x=4, k%z-"- =0 i.e.no heat loss
3

where k is the thermal conductivity of the wood at ignition i.e. £ =4, . Consider a

profile such that
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whenx =96

on 2
T—-—T;) 212_)_5.(1_.6_)
2k 1)

-~ ——
Y

T=T,

“which satisfies boundary condition (ii); by expansion of Equation 21

2
T-T = q(t)é' 2x+12_
2k 6 o6

and differentiating both sides with respect to x

———(T T) q"(t)o 8(1 2x+x]
2k 0 5 &

6x Ox 2k
——

or _ arT, q(t)5( 2+2x)

or _ _4'()  §'@)x
ox k kS

whenx=0

or __4'®

Ox k
oT

—k—=4"(t
> q'(t)

which satisfies boundary condition (i); when x = J then
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a _,
Ox

which satisfies boundary condition (iii). Substituting Equation 21 into Equation 20 gives

d wq'0s(, xY\, .,
PCZO“Tk 1'3{ dx=q"(t)

d g ) {, 2x x oy
— P25 1-2 4 ="
i b 2k S kA

- J
d §"(f) : X |,
Pa ok | TN 35| 90

440 3

5
§8-82+2 |-
ok | 35] 70

44'0s°

='"t
i ek 90

d k

—4§"()6*=6—¢"(t

579 pcq()
Integrating

it =6X j;q'(z)dt
~ pe

Sl
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Figure 19. Assumed heat flux profile.

From Figure 19, we assume that the incident heat flux is the average of the heat flux at

time = 0, i.e. ¢"(0) and at time =t,i.c. §"(t)

[r0a-[£0:70],

thus

fmy=6£{¢m+¢mq,
pc

2

Equation 22

From Equation 16, at time ¢ = 0, the surface temperature is at ambient i.e. T, = T, thus
q'(0)=¢

Equation 23

and at time ¢ = 1,5, we assume that the surface temperature is at the ignition temperature,

T, =T, thus
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§'lt,)=dI-o (T - T) - h (T, - T,)
Equation 24

From Equation 16, multiplying through by -1

~§"()=~§]+o (T} ~T}) + h(T, - T;)

and then dividing through by —¢;

¢'t)_,_o@' -T)+h(T,-T,)
Qi g

Let

o(T} =)+ h(T,-T,)
il

p=

Equation 25

i0_,_,
4;

§'(0)=470- p)
Equation 26
The parameter J characterises the magnitude of radiation and convective losses relative
to the incident heat flux. Substituting Equation 23 and Equation 26 into Equation 22 we

obtain

c},-'(l—ﬂ)ﬂi.-”]t

q:(1-ﬂ)52=6i[
pc 2

5z=3i[2_17-_47_ﬂ],
pe| ¢1-B)
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Equation 27

If we consider the surface at the time of ignition and assume that the surface temperature

is at the ignition temperature ¢ = t;p, I, =T | x = 0, then from Equation 21

Substituting Equation 27

,-%) _ 3 i[z-ﬂ,g]t
AN ®

_4 l—ﬂig (ig“yz))2
M BRI
-ﬂig q tlg
Equation 28
where from Equation 26
q"(tig ) = qr,(l - ﬁtg)
Equation 29
and from Equation 25
5 o OT =T AT, -Ty)
* q;
Equation 30

When 4/ is large, from Equation 25, B¢ =0 thus from Equation 28
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4 (7,-7.)

1-0
e ke [2—0}[47(1—0)]’
(1, -%.f

2
te = Shpe

(Y

Equation 31

The 2/3 coefficient has been found to be n/4 in the more exact (pure convective loss)

solution of this problem (see § 3.1.2). Substituting Equation 29 into Equation 28 we

obtain

[ -ﬂﬂ T, -7.f

1
| 2-8, Jar (- B, F

4, [ 1 }(T.-g -1}
-8 )u-8,)| 4

Or alternatively

(T, -1.)

ty = Cigkpe ""g—q‘,?_

i

where

Ci :[(2 - B, ;(1 ~Pe )}

Equation 32

Equation 33

Equation 34

As B, — 1, Equation 34 approaches o and thus from Equation 33, ¢, — < also. As the

time to ignition increases we are approaching the critical heat flux for ignition. From

Equation 30 with g, —1
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1

0@ -TH+h (T, -T))
ar

or alternatively, with 4 =4/ as >

g, =0Ty -T,)+h(T,~T,)

Equation 35
Thus from Equation 30

B, ==

Equation 36

3.1.2 Comparison of approximate solutions for ignition

a) Quintiere [42] compared the approximate solution for ignition from the integral model
with the exact solution for convective heat loss only and the approximate solutions by
Delichatsios et al. [43]. For the exact solution for convective heat loss only, Drysdale [2]

states that

Given, from Equation 16, for convection only
q:" = hc (Teo - 7;))
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thus

21— erfely)
\ 7 h’v'/
where
t.
=h |
V=% kpc

From Carslaw & Jaeger [44], when y — «
gerfc(y) ~E

_72
2y

or rearranging Equation 39

_,2
e?’
ny

erfc(y)~ N

Then, from Equation 37 and Equation 40

e

lim(l—e’2 erfc(y))= 1-¢".

’,Z
Yy 7[}/
Sl-—— 1

Ty

From Equation 35, neglecting radiation heat losses, as ¢, —
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Equation 37

Equation 38

Equation 39

Equation 40



g =h (T, -T)=4,

When ¢, - Oor y — 0, from Carslaw & Jaeger [44],

erf ()~ =7

and

erfc(y)=1-erf (y)

By expansion of the right-hand side of Equation 37

1-¢" erfc(;/)zl—(lﬂx2 +...)(l—%y+...)

T;g _I;) 2 h tig

(4.-" )=«/; ke

therefore, the time to ignition is
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Equation 42

Equation 43

Equation 44

Equation 45



Equation 46

To make the approximate integral solution given in Equation 32 fit the limit of the exact

(pure convective loss) solution, let

Z
(2 ~ B )(1 - ﬂig)

R

Equation 47

where Z is a new constant in place of the 4/3 given in Equation 32. At high incident heat

fluxes, Ly = 0 and ﬁ'ig — 0, thus

NN

=z or Z =
4

TR

therefore, substituting for Z the 4/3 in Equation 32 we obtain

b1

e =g e [(2—/3@;(1-/3,. )] d ;T)

Equation 48

or

1

__ 1 _ = 4;
= e P A )

b) In the study by Delichatsios, Panagiotou & Kiley [43], the authors suggest that when
the incident heat flux is greater than about three times the critical heat flux (i.e. g/ >34’,)

then
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1 2

\/— ko T, T)[Q. —-0.644" |

Equation 49

and when the incident heat flux is less than 1.1 times the critical heat flux (i.e.

g; <1.14" ) then

” ql qCI’

\/- Jrkoc (T, - T,)

Equation 50

where T}, is the pyrolysis temperature and the critical heat flux ignores convective heat

fluxes which are considered by Delichatsios ef al. to be negligible, that is

g, =0Ty - T)

Equation 51

Defining the following dimensionless heat flux (from Equation 30) and time variables as

.y 2
5" z . . .
1 = _%_ and 7, = Ter = respectively, we can write Equation 48 as
ﬂ ig qcr ];g - ]:] kpC
Te = % ﬂi;

Equation 52
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or by rearranging

1 {2(2—&3)(1-/*@)}”’3_
e By

T. T

Equation 53

plus the Delichatsios high and low heat flux equations (Equation 49 and Equation 50) as

1 =__2_{_1__0_64} 1.,
Tig n ig ig
FEquation 54
1 =J;(_l__1), _1__<11
Tig ﬂig ig
Equation 55

Figure 20 shows a comparison between the integral model and the Delichatsios high and
low heat flux equations. The solutions to the two models run parallel at high heat fluxes

and both models terminate at the same point at the intercept to the x-axis. The
Delichatsios solutions are given for specified limits L (Equation 54 and Equation 55).
ig

By extending the two solutions for the region between the specified limits such that they

overlap we find that they cross at around L=1 6.
ig
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3.0 .

25 —— Integral model (1)
A — — Delichatsios - high heat flux (2)
- - - Delichatsios - Low heat flux (3)
20 — - — - High heat flux extrapolation (4)
£ LS
T
=
»
1.0 |
0.5 §
0.0 T T ¥ T T T T T T T 1
0.0 0.5 1.0 1.5 2.0 25 3.0

1B,

Figure 20. Comparison of the integral model and the Delichatsios et al. equations.

Figure 20 also includes the extrapolation of the high heat flux portion of the integral
model which shows that there is an error in using such an extrapolation compared with

the integral model solution for the determination of the intercept along the x-axis. Let

be the intercept of the linear extrapolation of a graph of \/l_ plotted against
Ty

ﬂig,inrercept
1 . . . . . 1

— . From the integral solution given in Equation 53, choosing values of — for two
ig ig

typical high heat flux cases we get

when L =35, ——==4.787

ig ig
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1 _2 1
r, r B,
Vg v g

Equation 56

By assuming that the difference between the exact solution and the extrapolated solution

1 1
is [ —"_"'} , we can write Equation 53 as

ﬂ ig ﬂ ig , intercept

1.2y 1
'Jr—xg_ \/; ﬁig ﬂig,imercepl

Equation 57

Substituting in for our approximate values we obtain

4787 =-2|50-—1 5> —1 0758
\/; ﬂ ig,intercept ﬂ ig,intercept
1.954:1(2.5-__1__} SRS By
\[; lB ig, intercept ig, intercept

"

Hence the extrapolated intercept is "l," ~0.76 _ thus the critical heat flux is found from

cr

g;
0.76

.
44 =

Equation 58
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In comparison, from Equation 53 (which is equivalent to Equation 57), Delichatsios ez al.
obtain a correction factor of 0.64 for the determination of the critical heat flux using high

incident flux data.

3.1.3 Analysis of the C;; parameter

A qualitative comparison of the C; parameter between the integral model and other
solutions can be conducted. Equating the Delichatsios et al. [43] low heat flux equation
(Equation 50) with the integral theory presented in this study (Equation 28) and assuming
the pyrolysis temperature used by Delichatsios et al. is equivalent to the ignition

temperature T, = T;; we obtain

Equation 59
thus

Equation 60

Solving for f,, numerically we obtain a value of 0.67. Similarly, equating the
Delichatsios et al. [43] high heat flux equation (Equation 49) with the integral model

(Equation 28) we obtain

64



v 3 2 - lBig
Equation 61
thus
{ 3\
o 2 1 R 2
q; - =q,| - +0.64
\/ﬂk/x ik 1 ﬂlg 4kﬂ' l_ﬂig “ﬂkﬂ'
3 2- ,B,.g L 3 2- ,/3,.g )

Equation 62

At high heat fluxes g; >> ¢, thus —= q" — 0 and therefore

2 1

Jrkpe Jﬁkp{l—ﬂigJ

Equation 63

or ]

l_ﬂig __3_”
2-4, | 16

Equation 64

However, this time solving for 5, numerically, we obtain a value of -0.433. Using the

definition of C;; given in Equation 34 such that
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we obtain values for Cjg of 3.24 and 0.38 for the low heat flux and high heat flux cases

respectively.

Abu-Zaid & Atreya [20] found experimentally that C;; depends on g with values from
0.5 to 0.62 obtained for heat fluxes of 10 to 60 kW/m®. Figure 21 shows the qualitative
comparison between Abu-Zaid's results, the analysis of Delichatsios et al. [43] equations
and the theoretical values for C;; using the integral model with a critical heat flux selected

to be a typical value of 12 kW/m>.

Best fit lines are shown through Abu-Zaid's measurements and the Delichatsios values to
examine the trends in the relationships. At high incident heat fluxes, the integral model
compares well with Abu-Zaid's data and Delichatsios equations. At low incident heat
fluxes there is a significant difference between the Abu-Zaid's data value and the integral
theory. The Delichatsios equations fall somewhere between the integral model and Abu-

Zaid but with the trend at least similar to the integral model.
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C;; with 4/3 coefficient (1)
C;g with 2n/4 coefficient (2)

v A Abu-Zaid & Atreya's experimental results (3)
m “ \ Inferred from Delichatious et al. analysis (4)

C, H
W

Incident heat flux, ¢, [(kW/m’]

Figure 21. Form of C;, parameter with incident heat flux.

3.2 Analysis

3.2.1 Times to ignition

Time to ignition data for each wood specie in the across grain and along grain
configurations are given in Table 5 to Table 8 and plots of ignition time against incident
heat flux were made (Figure 22 to Figure 25). The plots include a ‘best-fit’ trend lines (in
the form of a power curve, ax®, where a and b are different constants for each set of data)

through the data to indicate the form of the data. The data and ‘best-fit’ curves confirm

that, from Equation 28, as 4] — ¢, then ¢, — o and when ¢; >> g; then ¢, — 0.

67




1DFL2 75 5.6 0.1785 1DFX2 75 10.6 0.0943
1DFL3 25 90.7 0.0110 1DFX3 75 12.0 0.0835
1DFLA4 75 5.6 0.1770 1DFX4 25 147.5 0.0068
1DFL6 50 13.8 0.0722 1DFX5 75 11.5 0.0867
1DFL7?7 50 14.3 0.0700 1DFX6 50 22.0 0.0455
1DFL8 50 18.6 0.0539 1DFX7 50 31.0 0.0322
1DFL9 35 456 0.0219 2DFX1i 20 370.0 0.0027
2DFL1 20 684.0 0.0015 2DFX2i 18 493.0 0.0020
2DFL2i 18 851.0 0.0012 2DFX3i 16 564.0 0.0018
2DFL3i 16 1205.0 0.0008 2DFX4i 14 752.0 0.0013
2DFLA4i 14 2045.0 | 0.0005 2DFX5i 13 806.0 0.0012
2DFL5i 13 3330.0 | 0.0003 2DFX6i 11 1685.0 | 0.0006
2DFL6i1 12 5580.0 0.0002 2DFX7i 10 1465.0 0.0007
2DFX8i 9 2395.0 0.0004
2DFX9i 35 73.0 0.0137
Table 5. Ignition data for Douglas fir.
3,600 | ! '| o Douglas fir - across grain
3,300 ]. g & Douglas fir - along grain
3,000 | b
2,700 \'. \
2400 | L‘, "\
:f' 2,100 | e
£ 1,800 | -
P © \
:‘g 1,500 - O\\ \‘
s Co
= 1,200 | L.
0 \O\G \\? *
600 1 \°\ 9\\\
300 | -
0 ‘ ¢ B S SR . —
0 10 20 30 50 60 70 80

Incident heat flux, ¢, (kW/m’]

Figure 22. Ignition time against incident heat flux for Douglas fir.




IRL2 75 4.8 0.2095 . .
1RL3 25 150.6 0.0066 IRX3 25 105.9 0.0094
1RLA4 75 4.7 0.2114 1RX4 75 6.6 0.1517
1RL6 50 11.0 0.0910 1RX6 25 112.8 0.0089
1RL7 50 10.6 0.0943 1RX7 50 n/a n/a
IRLS 50 11.1 0.0902 1RX8 50 25.7 0.0390
1IRLY9 35 35.6 0.0281 IRX9 50 20.7 0.0484
2RL1i 20 362.0 0.0028 IRX10 35 48.6 0.0206
2RL.2i 18 746.0 0.0013 2RX1i 20 201.0 0.0050
2RL3i 16 927.0 0.0011 2RX2i 18 248.0 0.0040
2RL4i 14 1388.0 0.0007 2RX3i1 16 308.0 0.0032
2RLSi 13 2170.0 0.0005 2RX4i 14 320.0 0.0031
2RL6i 12 No ignition| - 2RX5i 13 290.0 0.0034
2RX6i1 11 570.0 0.0018
2RXT 10 567.0 0.0018
2RXS8i 9 1416.0 0.0007
Table 6. Ignition data for Redwood.
1,500 _ \ '
‘0 g
l. |. o Redwood - across grain
1,200 | ! || @ Redwood - along grain
‘7'; 900 | \ .
2 Vo
En 600 Clj\ \\
300 | o "
“a &
~o .
S MR oSS SR — o
0 10 20 30 40 50 60 70

Incident heat flux, ¢”, [kW/m’]

Figure 23. Ignition time against incident heat flux for Redwood.
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1012 25
10L3 75
10L4 75
10L5 75

0.005

0.0052
0.0788
0.0834
0.0792

Table 7. Ignition data for Red oak.

270

240 |

210 |

180 4

s)

150

120 |

ignition time, 7,

90 4

60 |

30

25
75
75
75

0.0040~
0.0040
0.0560
0.0613
0.0542

a Red oak - across grain

a Red oak - along grain

20

30

40

50 60

Incident heat fluy, ¢, [KW/m']

Figure 24. Ignition time against incident heat flux for Red oak.
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2296 .
1MX2 25 251.6 0.0040
1MX3 75 23.8 0.0419
IMX4 75 23.6 0.0423
IMXS5 75 23.1 0.0433
2MX1i 20 461.0 0.0022
2ML.2i 16 1157.0 0.0009 2MX2i 16 593.0 0.0017
2ML3i 14 1274.0 0.0008 2MX3i 14 650.0 0.0015
2MLA4i 12 4200.0 0.0002 2MX4i 12 987.0 0.0010
2MLS5i 50 32.0 0.0313 2MXS5i 10 1471.0 0.0007
2MX6i 9 1585.0 0.0006
2MX7i 8 2680.0 0.0004
2MX8i 7 No ignition -
2MX9i 50 48.0 0.0208
Table 8. Ignition data for Maple.
4,800 .
| 1
! ._ o Maple - across grain
4,200 4 _. @ @ Maple - along grain
3,600 .,, ._,
= 3,000 | ,, ,__
“W ,O ,_
£ 2400 - i |
-om.‘ / /
T 1,800 | Voo
) %
1,200 | L%
°/ //
600 | mv/O/ A ,M/
I - S .
0 _ : . R e —-
0 10 20 30 40 50 60 70 80
Incident heat flux, ¢”, [kW/m’]
Figure 25. Igni

tion time against incident heat flux for Maple
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With the exception of the Red oak, it is noted that the across grain orientation samples
ignited sooner at the lower incident heat fluxes (~20 kW/m? or below). Yet at the high

heat fluxes the along grain samples ignited quicker. Further analysis of this observation is

givenin § 3.4,

3.2.2 Critical heat flux

As described in § 1.4.3 the critical heat flux is taken to be the minimum incident heat flux
required to obtain sustained piloted ignition of a material. The critical heat flux can be
obtained experimentally by successively exposing samples of the material at decreasing
incident heat fluxes until ignition no longer occurs. Thus the critical heat flux is
somewhere between the lowest incident heat flux at which ignition occurred and the
highest incident heat flux where ignition did not occur. Clearly this approach can be a
time consuming process as it may require several tests to find the bounds of critical heat
flux depending on the resolution required. In addition, as the critical heat flux is
approached, then times to ignition become increasingly longer. Finally, there is the
question as to how long one should wait before deciding that ignition will not occur. As it
will be demonstrated in this study, ignition may not occur until anything between several

tens of minutes and up to one and a half hours have elapsed.
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(*) no ignition case not achieved

Table 9. Critical heat fluxes obtained from experiments.

Table 9 shows the critical heat fluxes obtained from the ignition experiments. It should be
noted that in some cases the final experimental critical heat might not have been achieved
simply due to the lack of test samples. In some cases, the sample at the lowest measured
incident heat flux achieved ignition and thus the case in which no ignition was ever
obtained was not found. Thus ignition may still have been possible at even lower incident
fluxes. Such data are indicated in Table 9. The glowing ignition process at low heat
fluxes was somewhat unexpected and had this been identified earlier in the study then the
ignition testing protocol would have been modified accordingly in an attempt to gain

further insights into the mechanism.

As an alternative to directly obtaining the critical heat flux from an experimental

procedure, the critical heat flux can be obtained from time to ignition data. By

rearranging Equation 28, we obtain

73



Equation 65
From Equation 24 and Equation 35

q"t,)=da7 -4,
thus

1 . 1 1

ﬁz(qi”qa/\/4 I:l_ﬂig](j;g _?0)
_kpc

3

Equation 66
The critical heat flux can be found from the plot of 1/ \ﬁ; against incident heat flux. By
plotting a best-fit straight line through the data, the intercept yields a low estimate critical

heat flux where, from Equation 66

1 1

Jﬁkpcli_l:_ﬂi} \Z, -T,)

3 2"_iBig

slope =

and

intercept = —slope.q..

This follows because by the above theory the slope of the curve becomes vertical when
1/ \/g — 0 or §, =1, while for higher heat fluxes the curve has a distinct positive finite

slope as given by Equation 31 (see Figure 20).
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In the study of non-charring materials by Hopkins [30], it was suggested that a linear
regression through data below 40 kW/m? gives a better measure for the critical heat flux

since at lower heat fluxes ignition takes longer. However, examination of the plot of
1/ \ﬁ; against incident heat flux show that at low heat fluxes the data tends to exhibit a

secondary upward trend towards a very low critical heat flux. This was as a result of the

localised glowing ignition discussed in § 1.4.3.

Thus, it was decided that the critical heat flux without the effect of the localised heating
could be obtained from a linear regression through only the ‘high’ heat flux
measurements and the low heat flux data was not utilised in the determination of the final
critical heat flux. In this case, the ‘high’ heat flux data was taken to be where the incident

heat flux was around 20 kW/m? or above. The selection of the lower limit of the ‘high’
heat flux data was based on experimental observations, the shapes of the 1/ \/a curves

and from the theory shown in Figure 20. In this case ‘high’ heat fluxes are taken to be

where ¢; > ¢. and Figure 20 suggests that the integral model gives an approximately

straight line when 2 215 ie. ¢ 21.54. , in order to be consistent with the theory.
ig

Since values for the critical heat fluxes were found to be at most around 12 kW/m? (and

1.5 x 12 = 18) then a ‘high’ heat flux threshold of 20 kW/m? is reasonable.

Figure 26 to Figure 29 show the 1/ \[t,: against incident heat flux data for the four wood

specie with a linear regression through the ‘high' heat flux points shown by large symbols.
The figures also show the theoretical curves obtained from Equation 28 and the critical
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heat fluxes obtained by the linear regression and theoretical curves. Table 10 shows the

critical heat fluxes obtained from the intercept of the linear regression line.
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Figure 26. Determination of the critical heat flux for ignition for Douglas fir.
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Figure 27. Determination of the critical heat flux for ignition for Redwood.
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Figure 28. Determination of the critical heat flux for ignition for Red oak.
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Figure 29. Determination of the critical heat flux for ignition for Maple.

In order to investigate the difference between using only the ‘high’ heat flux data and all

of the data linear regression fits were also made through all of the time to ignition data

obtained for the Douglas fir, Redwood and Maple species and the critical heat flux

determined. These data are compared with the 'high' heat flux data critical heat flux

values in Table 10. In general, the along grain orientations show little difference.

Howeyver,

the across grain orientations for the Maple and Redwood show significant

differences with the 'high' incident flux data giving critical heat fluxes approximately

twice are large. There is no difference between the data for the Red oak since no low

incident heat flux measurements were made in the experiments.
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Table 10. Comparison of critical heat fluxes for ignition using 'high' and all incident heat
flux data.

Table 11 shows the final critical heat fluxes for ignition for each specie using the 'high'
heat flux data modified by the 0.76 factor given in Equation 58 (§ 3.1.2). Hereafter, in
this study, these data were taken to be the critical heat flux for ignition for each specie in

the two grain orientations.
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Table 11. Final critical heat fluxes for ignition used in this study obtained by the analysis
of the time to ignition data.

For Redwood, Janssens [33] quotes a critical heat flux of 14 kW/m? whilst Tran & White
[34] give a value of 12.42 kW/m?. In this study, the critical heat flux for ignition of the
Redwood along the grain was found to be 11.74 kW/m?. Janssens [33] gives a critical
heat for ignition for Douglas fir of 13 kW/m? compared to 12.19 kW/m? in this study for
the along the grain samples. Tran & White [34] quote a critical heat flux for ignition of
10.53 kW/m? for Red oak compared to the value of 8.20 kW/m? for the along the grain

orientation samples tested in this study.
An overall comparison of the critical heat flux values obtained in this study compared

with literature values show slightly lower values for the along grain orientation and

significantly lower values for the across grain orientations.

80



¥ |m Along grain (measured)
2 | @ Along grain (calculated)
Wiy | Janssens

2 3 Tran & White

Critical heat flux, q", [kW/m’]

Douglas fir

Figure 30. Comparison of calculated and measured critical heat fluxes with data given by
Janssens and Tran & White.

The differences in the values may be partly explained by natural variation in the wood
species but also by the fact that Tran & White's tests were conducted in the OSU and that
Janssens [33] tested his samples in the Cone Calorimeter in the vertical orientation.
However, in the study by Atreya et al. [21] it was found that the critical heat flux only
varied by about 10% between horizontal and vertical samples and the critical heat flux
was greater in the vertical case. Thus we might expect Janssens critical heat flux data to

be somewhat less if his samples had been tested horizontally.

Finally, the critical heat fluxes obtained in the experiments (Table 9) were compared with
those derived from the analysis of the ignition data (Table 11). Figure 31 shows a plot of
the experimental critical heat fluxes and derived critical heat fluxes. It is clear that

81



although the two do not match there appears to be a relationship between the two as

shown by the linear regression fit. The difference between the derived and experimental

critical heat fluxes may be as a result of neglecting the glowing ignition data for the low

heat fluxes. However, since in only two cases were the no ignition incident heat flux

found (Table 9), this comparison is not conclusive and further tests should be conducted

to verify these findings.
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Figure 31. Comparison of measured and calculated critical heat fluxes.

3.2.3 Ignition temperature

a) Average ignition temperature

By obtaining the critical heat flux for ignition for each species in the along and across

orientations, Equation 35 can be used to solve for the average ignition temperature. Since

Equation 35 assumes a long ignition time, i.e. a low heat flux, the value for the

82




convective heat transfer to the surface of the sample in the Cone Calorimeter was taken

as that at the critical heat flux using a correlation provided by Spearpoint [45] such that

h.=-2.0447+19.58
Equation 67
Equation 35 was then solved numerically by an iterative process for the critical heat flux

to obtain a value for the average ignition temperature. Table 12 shows the calculated

ignition temperatures obtained for the various species in the across and along grain

configurations.

Table 12. Calculated average ignition temperatures.

The average ignition temperatures for Redwood and Douglas fir (softwoods) are
generally greater than those for Red oak and Maple (hardwoods) in the two grain

orientations which agrees with the findings discussed in § 1.2.2.
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The average ignition temperatures obtained in this study were compared with data quoted
in the literature. Tran & White [34] measured the ignition temperature of their samples
with a thermocouple on the exposed surface of the samples. They quote an average
ignition temperature for Redwood as 364 °C. Janssens [33] gives an average ignition
temperature from Redwood as 363 °C. Dietenberger [36] gives ignition temperatures of
353 °C in the Cone Calorimeter and values between 290 °C and 356 °C (depending on
the moisture content of the samples) in the LIFT [11]. All of these values compare
reasonably well with the average temperature calculated in this study for the along grain

oriented Redwood with the value given here being slightly above those quoted by the

other researchers.

Janssens [33] quotes an ignition temperature of 350 °C for Douglas fir which is lower

than the temperature of 384 °C calculated in this study for the along grain orientation.

Tran & White [34] obtained an ignition temperature of 315 °C for Red oak and Atreya et
al. [18] quotes 365 °C. Both of these values are greater than the ignition temperatures
obtained in this study for the along and across grain orientations. The data from the
literature and this study demonstrate that there is a fair degree of variability in the
ignition temperatures of wood. As discussed earlier, there are many factors that influence
the ignition properties of wood. However, the average ignition temperatures obtained in

this study are comparable with the data quoted by other researchers and an average
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ignition temperature of somewhere between 300 °C and 380 °C for along grain oriented

wood is typical.

b) Ignition temperature as a function of incident heat flux

By rearranging Equation 33 we obtain

’ »m\2
T;g = 1—;) + tig (ql)
Cigkpc

Equation 68

Using the measured times to ignition and the apparent thermal inertia obtained in 3.2.4,
the ignition temperature at a given incident heat flux can be calculated with Equation 68.

Since Cjg also includes Tj,, Equation 68 cannot be solved analytically but has to be solved

iteratively.

In the study by Hopkins [30], thermocouples were also located on the exposed surface of
the samples tested so as to obtain the ignition temperatures at given incident heat fluxes.
Figure 32 compares these calculated ignition temperatures obtained from Equation 68 for
Redwood with those measured by Hopkins [30] and quoted by Tran & White [34] and

Janssens [33].
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Figure 32. Predicted ignition temperatures for given incident heat fluxes for Redwood

The calculated ignition temperatures, particularly for the along grain configuration,
compare well with the other literature data at heat fluxes above around 20 kW/m?. The
ignition temperature quoted by Hopkins at 21 kW/m? is greater than those found
elsewhere. Below 20 kW/m? the calculated ignition temperatures show a downward trend

with a limiting value of around 200 °C for the across grain configuration.

Similarly, for Douglas fir, the calculated ignition temperatures at given incident heat
fluxes are shown in Figure 33. As for Redwood, the calculated temperatures compare
well with the data quoted by Janssens [33] at heat fluxes above 20 kW/m?. Again, below
20 kW/m? the temperatures decrease to values around 200 °C for the across grain

configuration.
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Figure 33. Predicted ignition temperatures for given incident heat fluxes for Douglas fir.
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Figure 34. Predicted ignition temperatures for given incident heat fluxes for Red oak.
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Figure 35. Predicted ignition temperatures for given incident heat fluxes for Maple.

The calculated ignition temperatures for Red oak and Maple at given incident heat fluxes

are shown in Figure 34 and Figure 35.

In all four cases the ignition temperatures are almost constant at incident heat fluxes
above around 20 kW/m®. Simms [15] quotes work by Bamford, Crank & Malan in which
it is suggested that at high incident fluxes the energy required for surface ignition
appeared to tend to a constant value. The results from this study agree with these
findings. Except for Red oak, below 20 kW/m?, the ignition temperatures fall to values
lower than the constant values found above 20 kW/m?. These results appear to confirm
that the ignition mechanism is different at low incident heat fluxes as observed in the
experiments (§ 1.4.3). A similar decrease in the measured ignition temperature of PMMA

with decreasing incident heat flux was obtained by Rhodes & Quintiere [46]
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The fact that the ignition temperature falls as the incident heat flux is reduced initialty
appears to conflict with Atreya et al. [21] in which they found that the ignition
temperature rises as the incident heat flux decreases. However on close examination of
their data (for Mahogany) it was found that the minimum incident heat flux used in their
experiments was ~18 kW/m?. The data obtained in this study for Douglas fir, Redwood
and Maple shows that around this same flux region the ignition temperatures also shows a
slight rise (Figure 32 and Figure 33) before decreasing again as the incident flux is
further reduced. The ignition temperatures obtained by Hopkins [30] for Redwood also

shows a rise at 21 kW/m? compared with 30 kW/m? and 42 kW/m?.

It is interesting to note that the ignition temperatures of around 200 °C in this study at
low incident heat fluxes is similar to those given for self-ignition temperatures of wood.
For example, Cholin quotes [3] self-ignition temperatures of small samples of wood are

quoted as being between 192 °C and 220 °C.

3.2.4 Thermal inertia

The apparent thermal inertia can also be obtained from the slope of the best-fit line of the
plot of 1/ \/Z against incident heat flux. From Equation 31, at ‘high’ heat fluxes (as

defined in § 3.2.2),
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Equation 69
thus

slope =

Table 13 shows the apparent thermal inertia values calculated for the various wood

species tested using the average ignition temperatures from 3.2.3.

Table 13. Calculated apparent thermal inertia for wood species tested.

Equation 14 states that
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I~k

Equation 70

where the thermal conductivity & varies by a factor of around 2.1 due to grain orientation.

§ 2.4 shows that k is also a functio
be rewritten as
I~[rr)f
Equation 71
Consider a typical along grain wood with f= 1 and normalised thermal inertia and

thermal conductivity &(T};) of 1 each. For the equivalent across grain orientation /= 2.1

and assuming the ignition temperature is twice that for the along grain case then, from
: : . 0.13 .
Figure 13, the normalised 4(T,) may be typically o2 = 1.01. Thus the normalised

thermal inertia would be from Equation 71, (2.1 x 1.01)* = 5.2 times that of the along

grain case.

The data obtained in this study shows increased values for the thermal inertia of the
across grain orientations although the ratios between the across and along grains vary
considerably (Table 14). Only Douglas fir exhibits a ratio approximately equivalent to the

5.2 suggested above.
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Table 14. Ratio of across to along grain thermal inertia.

The along grain orientation values for the thermal inertia obtained in this study are
greater than those quoted by Janssens [33]. For Douglas fir and Redwood, Janssens gives
0.154 k> .m™*K?s"' and 0.138 k>.m™* K25’ respectively. Tran & White [34] obtained
the apparent thermal inertia of Redwood and Red oak as 0.073 kJ>.m™ K25 and

0.360 kJ2.m™* K25 respectively. Again there is a noticeable difference between these
data and those obtained in this study. Tran & White’s data for Redwood is also only
approximately one half that obtained by Janssens. As for the critical heat flux and
ignition temperature comparisons, these differences may be due to several factors;
previous samples were tested oven dry whereas the samples tested in this study included
higher levels of moisture; previous samples were tested in the vertical orientation in

different apparatuses; the natural variation of wood.

3.3 Dimensionless ignition analysis
The time to ignition against incident heat flux data can be plotted in a dimensionless
form. From Equation 69 we can define dimensionless irradiance and dimensionless time

as
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1 ; ” .Zrz L M
— _q"; and 7. = 9o L respectively.

Rearranging Equation 33 we obtain

= L Chpelr, -1,)

rg
Equation 72

dividing through by ¢

.1 ¢ KoelT, -T,)’
P M

Equation 73
thus, substituting the dimensionless forms

or

Equation 74
A dimensionless plot of all the ignition data is shown in Figure 36. The plot also shows

the theoretical curves with C;z having either the 4/3 or 27/4 factors. The plot shows that

scatter of the data is within the bounds of either the 4/3 or 22/4 factor used in the theory.
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Figure 36. Dimensionless ignition plot on linear scales for all species tested showing
comparison between measured ignition times and theoretical values.

The data shown in Figure 36 was plotted on log scales to show the low incident heat flux

data more clearly (Figure 37). It can be seen that the experimental data at low heat fluxes

does not match the theory. The data does not curve as sharply to %B =1 as the integral
[

model solution suggests. This discrepancy between the data and theory is a result of the

localised ignition mechanism observed in the experiments as described in § 1.4.3. In the

theory we only account for the external heat flux and not any additional energy from the

glowing process.
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Figure 37. Dimensionless ignition plot on logarithmic scales for all species tested
showing comparison between measured ignition times and theoretical

values.

From Equation 74 the gradient of the dimensionless plot gives

2
()
gradient
Equation 75
By plotting a best-fit line through the data shown in Figure 36, a gradient of 1.21 is
obtained. Thus, from Equation 75, Cjg is found to be 0.68. The value for C;; compares

well to the 0.62 quoted by Abu-zaid & Atreya [20] and the gradient of 1.21 is close to the

4/3 (= 1.333) value predicted by the integral solution.
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3.4 Transitional critical heat flux

As noted in § 3.2.1, the difference between times to ignition for the along and across
grain samples for a given wood exhibited a distinct pattern. The across grain orientation
samples ignited sooner at the lower incident heat fluxes (~20 kW/m® or below). Yet at the
high heat fluxes the along grain samples ignited quicker. This pattern can also be seen in

the plots for 1/ \/g against incident heat flux where the linear regression and theoretical

lines intersect at some ‘transitional’ incident heat flux (i.e. the heat flux at which the

along and across grain ignition times are the same).

To find this transitional heat flux from the plots of 1/ \/}; against incident heat flux we

note that,

1/ ,ft,.g, , = gradient, q;, + intercept,
Equation 76
1/ ,/t,.g' x = gradient, q; , + intercept,
Equation 77
Thus, at the transitional heat flux, 1/ \ /t,.g' L= 1/ Jlex and g, =g, =g/, and so

substituting and rearranging Equation 76 and Equation 77

intercept , —intercept,

-n
r

" gradient . — gradient
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The transitional critical heat fluxes were determined as 21.7 kW/m? for Douglas fir,

25.7 kW/m? for Redwood, 24.0 kW/m? for Maple but only 13.75 kW/m? for Red oak. It
interesting to note that for Douglas fir, Maple and Redwood the values for the transitional
heat flux are similar. These values also correspond to the suggested boundary between

the ‘high’ and ‘low’ incident heat flux values given in § 3.2.2.
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4. BURNING RATE

4.1 Integral model theory

4.1.1 Assumptions

The ignition process described in the previous chapter determines the initial conditions
for the burning rate model. The assumptions used in the ignition model are carried
forward to the burning rate model with the additional assumptions specified. Thus, for the

decomposition model (Figure 38) it is assumed that

(a) The fuel decomposes to gaseous fuel (volatiles) and char in an infinitesimal
pyrolysis front at a fixed vaporisation temperature,

(b) The solid is infinitely thick,

(c) The virgin wood is inert up to ignition and decomposition,

(d) The char material is also inert,

(e) The flame heat flux remains constant,

(f) The density of the volatiles is much less than the density of the virgin wood
and the char.

(g) Material properties are constant over the range of temperatures considered,

(h) The volatiles do not accumulate within the char layer but are produced and

exit immediately.

For simplicity in assumption (a), we assume that the vaporisation temperature and the

ignition temperature are the same though in reality these differ as compared to a liquid
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fuel's flash point and boiling point. Suuberg ef al. [22] indicate that chemical kinetics are
important, but also two separate kinetic regimes that must be included. They also find
that the assumption of an infinitesimal pyrolysis zone is valid for an incident heat flux

greater than 40 kW/m’.

Assumption (c) tells us that it is presumed that there is no mass loss prior to ignition as a
result of the pyrolysis of the wood due to the incident heat flux. The mass loss only

occurs after ignition due to the flame heat flux.

Assumption (d) implies that the exposed char layer is not affected by the incident heat
flux. However, as discussed in § 1.2.2, the char layer will crack due to pressure gradients
within the material. The char will also undergo oxidation that will contribute to the mass

loss rate of the sample and will reduce the dimensions of the char layer.
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4.1.2 Flame boundary condition

The heat flux from the flame by radiation and convection can be intimately coupled to the
burning rate of the mass supply rate of the fuel. In the Cone Calorimeter it is assumed
here that the flame radiant flux to its base is constant for a given material provided the

flame is tall i.e. its height H is greater than its diameter D (Figure 39).
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Figure 39. Assumed cylindrical flame.

The emissivity of a cylindrical flame & can be given as

—1_pMn
eﬂ—l e

Equation 78

where «x is the absorption coefficient which depends on the fuel and L is the mean beam

length [46]. Thus, as L, increases, & approaches a constant value.
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From Seigel & Howell [47] and shown in Figure 40, —bf—'— — 0.81 for % > 3. Since, as

rad

discussed by Rhodes & Quintiere [46], ¢, =€,07T, f‘; and g7 ,,, = constant, it follows

H .
that for B >3, Ly becomes constant, thus from Equation 78, & becomes constant and

hence g7 ,,, is constant. As an approximation we assume that the flame heat flux g7 ,,,, is

always constant even during the growth or decay of the flame though it is recognised that
the flame heat flux is coupled to the fuel supply rate which affects the flame height,

thickness and surface convection.

Just after ignition the net surface heat flux is the sum of the external incident flux and the

flame heat flux minus radiation losses

It
[l

§(T)=q+dp-oT -1), x

Equation 79
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The absorption of the incident heat flux due to the presence of the flame is not
considered. Rhodes and Quintiere [46] showed that the flame from a sample of black

PMMA tested in the Cone Calorimeter is almost transparent (>90%) to the incident flux.

Thus just before ignition when ¢ = Ly

, from Equation 16
¢'=q =q-olf;-1)-n(1,-1,)

Equation 80

and when ¢ =1 ,

from Equation 79
¢ =¢t)=dp+4-o (T - 1)

Equation 81

Hence there is a step-discontinuous change in the surface heat flux at ignition.

4.1.3 Conservation equations
The decomposition of the charring material is split into three regions; the char layer, the
pyrolysis front and the virgin material (Figure 41). Each zone is considered in control

volume form.
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Figure 41. Burning rate model control volumes.

a) Char layer

The char matrix contains solid char and fuel gases. These are described in terms of bulk

properties based on the volume ¥ of the char-gas matrix such that

m,=V.p,

Equation 82

where m, and p, are the mass and density of the gas respectively, and

my,=V.p,

Equation 83
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where m¢ and P4 are the mass and density of the char respectively, and

m=m,+m,
thus
P =P+ Py
Equation 84
Using conservation of mass on the char layer control volume we obtain
d s, .y . . d5¢ . ,
D[ty pate—t A=)+ 4, pg(vg.(_,)_j., (+1)
do
+4, p,[v, (i)- ——*.i].(+ i)=0
~ 4
Equation 85
‘Substituting Equation 84 into Equation 85 and dividing through by 4o
dd, ( ) . do, ds,
P A el
Equation 86
thus, cancelling through we obtain
m=p,v,
Equation 87

Consider conservation of energy for the char layer
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d
& f’ (pg u, + P, u¢)dx-rr'z”hg(Ts).(— i)

do
o (E) v, - 206
dé

ouh(r) 0- 22 )6
+Py h¢(Ts )[O = 01(’ i)

oy oy dé, ..
=4(T)-¢;- p(r)—tii

t
Equation 88
where g is the heat flux from the char to the pyrolysis front and from Equation 79,

q. (I;) is the net surface heat flux at the temperature 7. Rearranging we obtain

d " r—tm—
E ‘(pgug+p¢u¢)dx+m hg(]:)-pgvghg(];)

ds,
+[_ pg hg(I::)— p¢ h¢(7;)+ p(]:’)]-d—:
=¢(T)-4;

Equation 89

Given that
h=u+2
p
Equation 90
we can express
rT,
(@)=, (5,)+ 25
Py
Equation 91

and
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h(T) = u, (1) + 2L)
Py

Equation 92

We can use Equation 91 and Equation 92 to write from Equation 89

PR} )= )+ B - g )+ 28 i)

4

~p0)- 0,28 g1, (1) 5, 2E. i)

==p, ug(Tv)‘l% “¢(Tv)_ p(T,)

Thus substituting back into Equation 89

d

= (pgug+p¢u¢)dx+mh(T)—mh(T)

+-p,u,(T)- p, u¢(Tv)]7: =4:(T.)-4¢5 - p(T,)

Equation 93

From thermodynamics, let u,=c,, T, u,=c,Tand take hg =c,, T . Assuming that

¢, ¢ =C, . =c, then Equation 93 can be written as

da

= (e, T+ pyc, T)dx+ 1t e, T, e, T,

s, ., .,
+[_pgcg]:z—p¢c¢]:']—gt——=q+-q¢

Equation 94

Since

d5¢_£'_ 5,(

[—pgchv-p¢c¢71]—;1—t—=dt X —pgchv-/%cﬂl)dx

we can rearrange and write Equation 94 as
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d
[ peca T+ 9y, T= Py, T, pye, T, e e, (T, -T,)

dé
=qg" Tl=-a" T ¢
q+( s) q¢+p( v) dt

Equation 95
d O
ar ﬂpgcg+p¢c¢ (chg+P¢C¢)Tv]dx+"""Cg(Ts—Tv)
dé
= . p T _ . T —‘—2.
q+( s) q¢ +p( v) dt
Equation 96
s
d | do,
(pgcg+p¢c¢) I(T T)dx+m Ce (T T) Q+(T) %"‘P(T)
Equation 97

Typically P €; << P4€4since Py *1 kg/m’ and ¢, =1 kJ/kg.K while £ = 200kg/m’
and ¢, = 3kJ/kg K. In addition, 24 ¢, (T —T,)>> p(T) since (T —T,)= 100K and

p=10° N/m?, thus Py & (T -7,)= 610 k3/m® or 6 x 10" N/m?. Thus Equation 97 can be

written as

)

d o - -
pyyor [T -T)ac+ e, (T.-T.)=4:(T)-4;

0

Equation 98
b) Pyrolysis front

Using conservation of mass on the pyrolysis front control volume we obtain
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;;ijAo puder 402, )-S5 0.5 0- 22 )]

e ———
=0

+4, pw[ —‘—Ei.(i)}ﬁ i)=0

Thus, dividing through by 4o

ds, ds, ds

+p,—Lt+p —t_p L0
PeVe TR0 TPy Pu
(o 0y} -
pw_p¢ pg-dt_—pgvg

Substituting Equation 87 from the char layer analysis into Equation 100

s,

(pw—pqt_pg)—:iti:m

and assuming the density of the gas is small,

Consider conservation of energy for the pyrolysis front
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Equation 99

Equation 100

Equation 101

Equation 102



4 jpwuwmpg 4o v -2 0]

__V_J
=0

o, E) 0- 20
+pwhw(n>[ -0l
-4t % 0)-0- ot ¢(z)j(+z)

=0

Equation 103

s s as, . .
P Ve b (T)+ o, hg(Tv)d—”+ p b (T ) =2~ p b (1)1 =4;-q.
—— t dt dt

Equation 104

dé "
it 1y (1) + =2 o, )+, B (T)- p, b (E)| = - 4L

Equation 105
Substituting Equation 101 into Equation 105

ds,

(o, - 04 - pg) h(T,)+—* [pghg(T)+p¢ L(T)-p h(T))= 45 -4

dt

=0

dé w_ n
thus

5, % [{h €)-n@)-2

dt

2 (r)- h(f)}] g

w

Equation 106
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Based on the mass of the virgin wood, we define the heat of vaporisation or heat of

pyrolysis as

AH, = {hg(n)—hw(n)}—f"—{hg(n)~h¢(n)}

w

Equation 107
then Equation 106 becomes

o, v
_;ﬁ_[AHv]-%t qn

Equation 108
c) Virgin wood

Consider conservation of energy for the virgin wood control volume

%jp u, dc+p, h, (Tv)l: il (z)] (~i)+ p, A, (T, )[0— 46, +5.) (z)} ()

=42 ~4] - pl1,) 2 s~ plr,) T2 e, ‘“5) j

Equation 109

Let %, =€, T and assume negligible heat loss to the back i.e. 45 =0

2T e T 1) g 1) 2%
AL AL LA

Equation 110
Expanding for Aw(7+) using Equation 90, then
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g—;—d‘jwpwcwT(x)dx+pw[uw(ﬂ)+—@].%é—;”— [ )+ 2L )} 6, +5.)

dt

w w

- nr) e i) 2]

Equation 111

Since %, =€, T and the p(T) terms cancel then Equation 111 can be written as

5,40,
d ‘ ds, dls,+s,)
o JPWCWT( Y+ e, T.—E=p,c wTo—( = )=qw
5,48,
d ‘ ds, dé, dé,
— T(x)dx T, —% - T, —* 3"
j poeT@dx+pe, T.—t-p e T—t=p,c, T, —* =4,
04+, 8,49,
d”¢ ds d™*e
— T —(T.-T.)- = =q"
” 5!' poe Tlx)dx+p e, —HT -T)-p e~ ‘Jndx g
Equation 112

Let X =X+0,then Equation 112 becomes

d o ' ' d5¢ -"
pueu gy [TG0-Tolde'+ poe, 2T ~To) =4

Equation 113

4.1.4 Temperature profiles
Taken from the analysis by Anderson [29], temperature profiles for the char layer and

virgin wood are selected that satisfy the specified boundary conditions.
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a) Char layer

The temperature profile in the char layer is assumed to be linear function with depth with

boundary conditions such that
(1) when x =0, T=T,

(i)  when x=4,, T

T,

Consider a profile such that

X
T—Tv—(z—m(l—(s—)

¢

When x=0
0
T—R=(7;—7:){1——J
5¢
=]
thus
T=T

5

and boundary condition (i) is satisfied. When x =4,

6"
T-T,=(T,-T)|1-—
5¢

=0

thus
T=T

v

and boundary condition (ii) is satisfied.
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b) Virgin wood
The temperature profile in the virgin wood is assumed to be some function of depth with

boundary conditions such that

(1) when x'=0, T=T,

(1)  when x'=4,, T=T,

(i) when x'=3,, o _
ox

Consider a profile such that

T—z,=(n—n)(1-5i']2

w

Equation 115

thus

hence boundary condition (i) is satisfied. When x'=4J,,

2
T—To=(1:—n)(1—~§i]

w

=0
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thus
T=1T,

hence boundary condition (ii) is satisfied. By expanding Equation 115 we obtain

52

w

T-T,=(T, - T)(l——a— x'z)

Equation 116
and differentiating with respect to x'

5. & 5. 5 &

w w

or oI, oI, ,oL (1] 0L (2x) 0L  ,0L (1) 0L (2x
x & o als,) awlsl) a axls,) axl\er

since x'= 0, , by substitution

or _of, _of, 8L (1), 8% (28,) ok  ,0% (1) oL (25,
o o o ar\s,) ar ) & “a\s,) o\l

v

=0 =0

' 12 ' ' 2
——(T T)=-— (T_Z_T_{va +To_2T0x_2T0x+1;,x]

—

thus

o' ox' 6x' ox'

oT 9T, _aT, oT,

6T a7,
6x T o

and since 7T, is a constant then

aT
6x

=0

which satisfies boundary condition (iit).
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4.1.5 Governing equations

Now that we have considered the conservation of mass, conservation of energy and

temperature profiles for the char layer, pyrolysis front and virgin wood we need to

develop our governing equations.

Given that

.y oT
v

(]

Differentiating Equation 114

oT 1
o (7, - Tv)[— -5;-]

and substituting into Equation 117

_k(T-T)
e

"

94

and similarly

116

Equation 117

Equation 118

Equation 119

Equation 120



thus when x'=0

%=(Tv—n)(—5—2w]

Equation 121
substituting Equation 121 into Equation 120

o 2k(T,-T,)
9w 5

w

Equation 122

From the analysis of the char layer, Equation 98 states
9
Py [T ~T)dx+ve (T, - T,)= 43(T,) - 4;
[
and from the temperature profile in the char layer given in Equation 114, at time ¢

X
T—Tv—(Ts—Tv)(l—é—]

¢

thus

fr-r)ae= o —Tv)[l—ai]dx

0 0

5 v I 25¢ .
o} 0
=(T.-T)1-—=+|-{1-—
r.-) 25#” 2@]
—l(T—T)5
—2 5 v/

Equation 123
substituting Equation 123 and Equation 119 into Equation 98 we obtain
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PeCs d
2 dt

k,(T.-T,)

55

(T.-T,)8, + e (T, -T,)=4"(T,)-

Equation 124
From the analysis of the pyrolysis front Equation 102 states

do
(pw —po*)—j—:m"

P,
substituting for the char fraction, ¢ = _p_¢

w

g ds
' =p,(1 -¢)7;*

m a75¢
i-9) ™ a

Equation 125
Equation 108 states

dé
——AH =4 —-¢"
pw dt v q¢ qw

substituting Equation 108 with Equation 119 and Equation 122

o By KUO-T) 2k (T-T)
5, s

dt }

Equation 126
substituting Equation 125 gives

" AH _k¢(7;—7:’)_2kw(7;_7:))
(1—¢) ’ 5¢ 5w

Equation 127

From the analysis of the virgin wood, Equation 113 states
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s,
d (Tl _r L d5¢ (N am
+pw—;lt—cw\‘lv—10}=qw

from the temperature profile in the virgin wood given in Equation 115, at time ¢ and x'

4 xr\
T—7:,=(T\.—T0)L1—;5—J

w

thus
8, 5, L \2
firte.-lac = fir, -7 1- 2] o
4] 0 w

s, 2x! xv2
=(-7) i- T G

o, 2 323

w w

_ 5,
=(]—;_7;)) x'—-—2—lx'2+—1—lx'3]

5 8]
=(T,-T)| 6, -2+ 2=
( v 0)-5\« 6w + 35‘3]
_(71—78)5w

3

Equation 128
substituting Equation 120, Equation 125 and Equation 128 into Equation 113

pwcw(T;—Tm)d5w+ " cw(Tv_Tz])=2kw(Tv_7:))
3 d (1-¢) s,

dividing through by 246, (T, T;)

k,
1ds, ' 2( pwcw)

3d  pi-g) o,

Equation 129
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Adding Equation 124 and Equation 127 we obtain

PeCy
: d(T T,)S, + e (T, - T)+(“ )[AH]

=q':(7;)—k¢(7; _Tv)+ k¢(7; _Tv)__ZkW(Tv ‘7:))

S, Y S,
Picsd 2k,(T, - T;)
: dt( T,)8, +n'"c (T, - T)+( )[AH] §7(1)- 5
Equation 130

Ez&(irs dT)a wre (T, ~T) 4+ [AH] r)- 20~ T)
2 \dt™ d ( S,

Equation 131

If the time just after ignition is considered then ¢ = Le ‘with Ty =T,= T, " = iy, and

0w = 0. Thus, from Equation 131

Pics(d_d ) 2T -T;)
2 (dt:r dtT)J +mc(T T)+( [AH] q'(T) 5
) )
hence
i = 0=8) o 26(7 -T))
*  AH, O

Equation 132
Assuming that at ignition 7, = Tjg, 6, = 6, and ¢4, =4 then from Equation 122

2k,(T, - T,)
g

o, =

g

Equation 133
Substituting for &z in Equation 132
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. (-9

_—— L 3" - - q.:
m,g— AHV l:q+(Ts) 2kW(];g n)mil

thus

g

i, =‘%’v’2[q:(z)—q:]

Equation 134

from the ignition analysis, Equation 16 can be used to approximate 4 such that
=l )=~ 0@ -T)-h(T,~T)
and from Equation 81
i =a'l,)=a,+4-oT}
Thus substituting into Equation 134 we obtain

il = -(;,—‘”[q; +d-o{ly -1 )-{if- o T} - 1)~ 1T, - T,

v

hence
I 1- -m
i, =g vna,-1)
Equation 135
It is interesting to note that Equation 135 suggests that the mass loss at ignition does not

explicitly depend on the incident heat flux but only on the flame heat flux q% . This fits

with the assumption (c) given in § 4.1.1. However, it will be shown later that the char
fraction @ and the convective heat transfer coffeicient Ac can be considered to be

functions of the incident heat flux.
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4.1.6 Dimensionless analysis

Finally we make the governing equations dimensionless by defining the following

dimensionless variables specified by Anderson [29]

n" L iy, L

(1-¢)q (1) RERD

S, 6 S,
AE—-:, A¢E—-‘:4; A,gs—é';£
051; BSEZ’—, 905—71’-

7‘V v \4

at P,
T
5 = Z{CWL

plus the dimensional variable
L=AH, +c,(T,~T,)

where L is the heat of gasification per unit mass of virgin wood.

From Equation 130

P

2k,(1,-T,)
. dt(T ~T,)5, +m"c,(T, T)+( )[AH] §"(T,) - o)

2}

w

Substituting for the dimensionless variables M, 7, &, 65, 4 and 4y
PaCo __d__Ir(g,-1)a,8 ]+
2 d(r 57 )
a

-9) .,  am 2k, T,(1-6,)
M ¢)q+(r,)(;‘f-{5=q+(s) e

9 42(7)e, 7.6, -1)
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Multiply through by

I,
kT,

S PeCs _ky iT(&_‘—l)A¢]+ 2 M(L 8);: §2(T)e, T,(6,-1)

kT, 2 p,c, b, dr"’ k,T,
6, MAH, . 5 2 T(l 6,)
o B MO, i) S grir)

wty v

2k L
. é‘ = w
Since 9, '—"—"cw 7 (T)

(222 L0, -a, e ek MO, o,

c.q!T) kL
L 2kL 1 MAH, ()= 2 L
i T)xT, L T @Y KT,

v woy

A e B I
Ak -2 5

woy

Py
Thus substituting for ¢= > and rearranging,

w

a0)-220)

L ¢(r) (-6,)

woy

1o(2 )20 -00, 1+ 0- 0] o)+ 22 -

T,¢(1,) A

From Equation 127

o k(T -T,) 2k,(1,-T,)
(1- MAH 5, s,

substituting for M, 4, 4 6,6 and 6
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M(1-¢)4.(T.) AH, !

1
=k 6, -1)I, -2k, —(1-
L (1-¢) ¢§SA¢(“ )7, Y8 A

and then substituting for J;

M4 (T)AH, _, c.4i(T) 1

thus

M =ML€1H};¢‘) 1(6.-1) (1—90)}

q1(T,) AH, 2 A, A

From Equation 129

kW
1ds, | A 2( Ac)

3a pli-4) o

substituting for M, 4 and 7

adin) 1
L "2kLA(0 -7, -2k, 2k, L (IQ)T

1das) MA-¢)qi(r) 1 _ 2k, 1
3 78 L p,(1-8) p,c, AS,
a
1dA a Mq+(T) 1

3d15 p.L pc "AS,

1dA 8.p.cME(T)_ 2k, pocul
3dr k,p,L p.c, k, A

1dA 2k, L ¢, M{T)_2
3dr c, q+(T) k,L A

thus
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3dr

1dA .. 2
A

a) At ignition, from Equation 134

i, = 1-9) )[q+(T) ']

® AH

v

Substituting for the dimensionless variable Mg

(¢ )[q+( T)-¢']

L
M, =
* (1-¢4)¢7 AH,
thus
L M
M, = 1-
* (AH][ q+(TJ)]
From Equation 27

_ 3k |2-8
o= \/3/0‘9%[1-,3}

O
Since A -—5—, at ignition ¢ = fiz and ‘L(T ) ‘L( ) thus

J3 kw
pw cw
A —

&
1- ﬂ:g ¢

8 = 2k, L

¢, 4(T,)

From Equation 28

4
tig = Ekw /?w C,

'_o)

4l

l4

't

)

2
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Equation 139

Equation 140



substituting into Equation 140 and cancelling common terms

{55

Equation 141

b) Consider times just after ignition (i.e. small-time). From Equation 125

. ds,

m —
(-9) " a

Substituting for the dimensionless variables M, 7and 4¢

M q: (Ts) d(Aot 5: )

=Py
L 153/
{"%)

Mg.(T) _ k, dA,
L c,0, dr

Substituting for &

Equation 142
At time 7, char depth 4¢ =0 and at time 7, char depth is 44, Integrating Equation 142

T Aﬁ]
[Mdr= IEdA¢
T, 0

.4
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M(z'—r_ )=—;—A¢

g

since M = M, at 7, then

A, z2Mig(r_T‘g)

Equation 143
From Equation 136, with no char 44 = 0 and assuming 7, =T, thus 6, =1land

q.(1,) > q.(1,)

] Mz{cfﬂ)%‘(lf‘))

~l

z woy

4 H e D,k 0- ¢>(—i]( ”[“i

V"

=0 o

(=]

(e

— L _chv (1—60)
AH, AH A

v v

Equation 144

T,
Since & = 5,2 then

v

v

Tv(1—90)=chv(1—3T,°—J=cw(Tv—n)

substituting back into Equation 144

L ¢(T,-T)1
AH AH, A

v v

M=

Equation 145

alternatively
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M= L I-l _ CW(TL ‘E))l}
AH,| L Al
Equation 146
From Equation 138
1aA +2M = 2
3dr A
substituting for M using Equation 145 and rearranging
3dr AH, AH, A A
Equation 147

Since, from our definition of L

¢,(T,-T,)=L-AH,

Equation 147 becomes

lda o L _(L-AH)1 _1]_,
3dr AH, AH, A A
1dA L L 1 AH, 1 1
D - —t——==1=0
3dr AH, AH, A AH, A A
=0
a_ [ L [l_l}
dr AH, A

Equation 148
Lety=1-A
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]

Equation 149
by integration of Equation 149

Equation 150
Since at early times A—A, issmall, 77y is small and e =1+ for small x, Equation
150 can be approximated as

I-A
1I-A

L
zl—(A—A,g)+6(AH

ig

by rearranging

Equation 151
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c¢) Finally consider times much later than the ignition time (i.e. long-time)

dA
Let the char depth rate approach zero, “—; — 0 the surface temperature approach a

do, . _
constant, ar =0 and the burning rate tend to zero, M = 0 From Equation 138

ldA 2M—z
3dr
1ds 2
3dr A

By integration between ignition and time 7

I]IAdA = ]6dr

Ay Tig

o 2A2’g —6(1' T, )

thus

A= \/A +12(r-7,

Equation 152
From Equation 136

—¢(c“}d[(9 —1)A¢]+[(1 ¢)[c—g](as—1)+§H;]M— L all) (-6)

c., Wi ch+(T) A

de,
since —d —>0and M >0
T

¢(T) T (1-6)
@) L A

From Equation 79
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§T)=g'+¢ (T -T})
4

thus by substituting, rearranging and dividing by 7,

a(r:‘—T;)zq;+q'7_q:(n)(cwn](1—oo)

T! T! 7!\ 4 A

v

As A > ©then

olt!-T}) dp+dl
"

v v

substituting for & and 6,

s 0 0_714

AT
0, ~ 7“90
g

v

. 4,
assuming & is small then

cm g4
9 zl:qﬁ"'q,}

s 0_7:'4

Equation 153
Equating M’s in Equation 137 and Equation 142

145, _§(T)T.ec, [[ﬁ ) 1 (9.;—1)_(1—90)}

2.dr ¢l(T,)aH,|\k, )2 A, A

assuming 7, =T, thus §1(1,) > ¢.(1,)

148, _Te,|(k)1(6.-1)_(1-6)
-]

2dr AH, |k, )2 A, A

\4

131



further assume &, is constant, the thermal penetration depth approaches infinity, & =

as time tends to infinity, 7 = ®and finally at time %g the char depth 4¢= 0

A‘ r
T\ k
A, dA, ~ CW—V-J(—l](é?,—l)dr
6[ 4 ¢ TIJ‘(AH k |

v w
iz

thus

k
Since, from § 2.6, P~ k—¢ then

A, ~ Jz(%%—)ﬂ& -1)(r-7,)

Equation 154
From Equation 142

substituting Equation 154

u-y 2l HsE e e-r)

v

thus

Equation 155
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Thus the dimensionless groups of relevance are as follows -

Ignition:
L q .
M, = 1- Equation 139
" (AH)[ q:(n)] (Bauation 139)
" T 3\ T,
A, =[cw (ng o)} f{+(T.g) (Equation 141)
L q:(tig)

Small-time burning rate solutions:

M =( L ][1 _alf =T/ L] (Equation 146)
AH, A

AsA,+ 6(AHL)(1 —a)e-1,) (Equation 151)

A, =2M, (r - ‘r,.g) (Equation 143)

Long-time burning rate solutions:

s~ \/2¢cw(1:—Tv)(r—r,-g)

(from Equation 154)

AH,

f¢c (T -T) .

M= L (from Equation 155)
8AHvir—figi

Am 8 +12(r-7,) (Equation 152)
G 1/4

T =~ (—q—f—'—-——qi} (from Equation 153)

o
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As discussed in § 2.6, we can replace the ratio of the thermal conductivity of char and the

thermal conductivity of wood I% with the char fraction ¢.

4.1.7 Solutions of the integral model

The general form of the dimensionless equations is shown in Figure 42 and the equivalent
dimensional variables in Figure 43. The small-time bumning rate solution is equivalent to
what would be obtained by a non-charring material as detailed by Hopkins [30]. At
ignition the small-time burning rate starts at a given point after which it increases to a
maximum steady-state value, where it remains. A real burning material would of course

eventually consume all its fuel and the burning rate would drop to zero.

The long-time solution effectively starts from an infinite burning rate from where it
decays towards zero. There is a transition point at which the small-time and long-time
solutions cross (marked by the diamond-shaped symbol in Figure 42). This point marks
the peak burning rate and it is less than the steady-state non-charring material burning
rate. Thus for a charring material the burning rate follows the small-time solution up to

the transition point (the peak bumning rate) and thereafter follows the long-time solution.
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small-time I M,
| solution PR

1.0 | .
084 -
0.6 4 AN

0.4 | ~

Dimensionless burning rate, M |-}
-~

-~ - long-time
- — solution
o2l T T = = =

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00

Dimensionless time, T - 7, |-]

Figure 42. Dimensionless burning rate solutions.
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0.045 4 | e

|

|

f

0.040 |
0.035 ; e
0.030 4 ( -
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0.020 | o \
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0.015 - \

.
0.010 4 ~ long-time
~ solution
0.005 = - -

0.000

oTt 60 120 180 240 300 360
* Time, t [s]

Figure 43. Dimensional burning rate solutions.
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Other parameters such as the char depth and thermal penetration depth exhibit a similar

behaviour. For the thermal penetration depth we can also include the period prior to

ignition. Figure 44 shows the thermal penetration in dimensionless form and Figure 45

shows the thermal penetration in dimensional form. Figure 45 has been re-plotted in

Figure 46 to show more clearly the transition between the pre-ignition, small-time and

long-time solutions by removing the non-applicable portions of the curves. The

dimensionless and dimensional char depth solutions are shown in Figure 47 and Figure

48.
5.0 |
small-time
4.5 | solution\
= 4.0 | e
= =
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Figure 44. Dimensionless thermal penetration depth solutions.
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Figure 46. Dimensional thermal penetration depth solutions re-plotted for clarity.
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Figure 48. Dimensional char depth solutions.
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We can now examine these dimensionless groups to investigate the form of the small and
long time solutions. Each dimensionless group is a relatively complex function of many
variables. In order to examine how each variable contributes to the behaviour of the
model, we will select a set of typical values for these variables and then vary one at a

4ieamn TV
LUIIHIC. 1

he values were chosen on the basis of properties measured for a typical wood (§ 2)
and those obtained by the analysis of the experimental data (§ 4.6.1) and are presented in

Table 15.
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50,000

20,000

15,500 |

RSSOV

1,500,000

803,207

12,000,000

9.38

1,952

0.74

-0.64

0.35

500

0.20

g

5.67E-08

20
200,000

Table 15. Typical values used for variable analysis.
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The effect on the predicted burning rate and the predicted char depth are considered. In
each case, the small-time and long-time solutions have been varied above and below the
typical value. Plots using the dimensionless variables are presented, however, these can
be difficult to relate to real world measurements and thus the plots are also shown in
terms of dimensional values. Common x-axis and y-axis scales have been used for each
plot to allow for direct comparisons to be made between the relative effect of each
variable. In addition, each plot shows the transition point (marked by the diamond-shaped

symbol) between the smali-time and long-time solutions.

These dimensionless plots present an idealised view of the effect of each variable. As
already discussed, wood is a complex material in which its properties vary between
species and between individual samples. Therefore it may not be so obvious which
properties are having the greatest influence on the burning rate of a particular sample

when tested experimentally.

a) Incident heat flux, §;

Plots for the variation in the incident heat flux (Figure 49 to Figure 52) are shown at the
values used in the main experimental test series, namely 25 kW/m?, 35 kW/m?, 50 kW/m’
and 75 kW/m®. Since the char fraction was found to be a function of the incident heat flux

(§ 4.5.1), this varies as labelled.
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The analysis shows that as the incident heat flux is increased so is the burning rate and
the small-time solution is more sensitive to the influence of the incident flux. The
analysis agrees with the findings of the work conducted at the Joint Fire Research
Organisation (JFRO) [48] which also concluded that the burning rate increases with

incident flux.

The char depth solutions show that at low incident heat fluxes the small-time solution

predominates over the long-time solution. In Figure 51 and Figure 52 the long-time

solution for ¢! = 25 kW/m® does not appear in the time scale shown.
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Figure 49. Effect of incident heat flux on burning rate, dimensionless plot.
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Figure 52. Effect of incident heat flux on char depth, dimensional plot.

b) Flame heat flux, ¢}

The flame heat flux was taken to be values of 15 kW/mz, 20 kW/mz, 25 kW/m? and

30 kW/m? and the results are shown in Figure 53 to Figure 56.
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Figure 53. Effect of flame heat flux on burning rate, dimensionless plot.
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Figure 54. Effect of flame heat flux on burning rate, dimensional plot.
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Figure 56. Effect of flame heat flux on char depth, dimensional plot.
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c) Critical heat flux, ¢,

Plots for the variation in the critical heat flux (Figure 57 to Figure 60) are shown at
values of 15.5 kW/m?, 14 kW/m?, 12.5 kW/m® and 11 kW/m’. As discussed in § 3.2.3,
the ignition temperature of the material is a function of the critical heat flux and thus the
calculated values for the ignition temperature are indicated on each plot. As with the

incident heat flux, the char fraction also varies with critical heat flux.
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Figure 57. Effect of critical heat flux on buming rate, dimensionless plot.
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Figure 58. Effect of critical heat flux on burning rate, dimensional plot.
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Figure 59. Effect of critical heat flux on char depth, dimensionless plot.
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Figure 60 Effect of critical heat flux on char depth, dimensional plot.

d) Heat of gasification, L

Values for the heat of gasification of 100,000 J/kg, 1,500,000 J/kg, 2,000,000 J/kg and
2,500,000 J/kg were selected in order to investigate its contribution to the burning rate
and char depth (Figure 61 to Figure 65). Since the heat of gasification is the amount of
energy required to vaporise the virgin wood, it would be expected that as it increases so
the burning rate would decrease as shown in this analysis. However, the analysis aiso
shows that as the heat of gasification is reduced, the small-time solution reaches a point
where the burning rate begins at a higher value and immediately starts to decrease. Once
this occurs, the small-time and long-time solutions for both the burning rate and char

depth no longer intersect.

149



Dimensionless burning rate, M [-]

14 _

1.2 |

1.0 |

0.6 |

. ~_ __L=1,000,000 i/kg
Ny - ——.L=1,500,000 J/kg

~. L =2,000,000 J/kg

R ~. — L =2,500,000 J/kg

SO el
08 | el

small time long time
solutions — solutions
04 | T em————
Increasing heat
02 4 of gasification
O'O T T T T T T T T T 1
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20
Dimensionless time, 7 -7, [-]
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Figure 62. Effect of heat of gasification on burning rate, dimensional plot.
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Figure 64. Effect of heat of gasification on char depth, dimensional plot.
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Figure 65. Effect of heat of gasification on char depth, dimensional plot with extended
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e) Apparent thermal inertia, kpc

In Figure 66 to Figure 69 the apparent thermal inertia was selected to be

100,000 I2.m™K%s™, 200,000 J>.m™*K %5, 300,000 J2.m™K?s"' and 400,000 J>.m“*K?*s™.
In the analysis of the experimental data, the apparent thermal inertia was found to vary
widely depending on the wood species and grain orientation. Since the specific heat
capacity and thermal conductivity were calculated as a function of the thermal inertia

(§ 2.7), they also varied as indicated. The analysis shows that as the thermal inertia
increases, the model reaches a situation in which the small and long time burning rate

solutions do not cross.
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Figure 66. Effect of thermal inertia on burning rate, dimensionless plot.
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Figure 67. Effect of thermal inertia on burning rate, dimensional plot.
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Figure 68. Effect of thermal inertia on char depth, dimensionless plot.
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Figure 69. Effect of thermal inertia on char depth, dimensional plot.
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f) Thermal diffusivity, «

Although, as described in § 2.7, the thermal diffusivity is assumed to be constant, the
dimensionless equations allow us to investigate its contribution to the model. Values of
1.0 x 107 m%s, 2.1 x 107 m?/s, 3.2 x 107 m%s and 4.3 x 107 m¥/s were graphed as shown
in Figure 70 to Figure 73. Since the thermal diffusivity along with the thermal inertia are
used to calculate the specific heat capacity and the thermal conductivity, the form of the
curves are similar to those in which different thermal inertias are graphed as shown in
part e) of this section. However, in this case, a decrease in the thermal diffusivity rather
than an increase in the thermal inertia eventually leads to a situation where the small and

long time burning rate solutions do not cross.
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Figure 70. Effect of thermal diffusivity on burning rate, dimensionless plot.
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Figure 71. Effect of thermal diffusivity on burning rate, dimensional plot.
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Figure 72. Effect of thermal diffusivity on char depth, dimensionless plot.
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Figure 73. Effect of thermal diffusivity on char depth, dimensional plot.

2) Density, p

The effect of density on the burning rate and char depth was investigated by choosing
values of 400 kg/m’, 500 kg/m?, 600 kg/m® and 700 kg/m® (Figure 74 to Figure 77). The
small-time burning rate solution is more sensitive to density and the long-time solution
shows relatively little variation. In the work conducted by JFRO [48] it was found that
the burning rate increased as the density decreased. The solutions to the integral model do
not show this result but instead indicates that, although the peak buming rate is higher for

lower densities, for long-times the burning rate is slightly higher for higher densities.

In contrast to the burning rate, the variation of density has a greater effect on the long-

time char depth solution with less dense materials charring quicker than more dense
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materials. It is interesting to note that the transition between the small-time and long-time

solutions is almost constant (Figure 77).
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Figure 74. Effect of density on buming rate, dimensionless plot.
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Figure 77. Effect of density on char depth, dimensional plot.

h) Ignition time, ¢,

Ignition times of 10 s, 20 s, 30 s and 40 s were selected to examine their contribution to
the predicted burning rate and char depth (Figure 79 to Figure 81). In the dimensionless
plots the curves fall on top of one another. The dimensional plot clearly shows how the
effect of increasing the ignition time shifts the buming rate curve along the x-axis but

does not change the magnitude of the intersection point.
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1) Char fraction , ¢

The dimensionless analysis (§ 4.1.6) shows that the char fraction only contributes to the

long-time solution and this is shown in Figure 82. However, since the definition of the

dimensionless burning rate M includes the char fraction, when the small-time

dimensional burning rate is plotted, the char fraction makes a significant difference. As

the char fraction approaches zero, the peak burning rate approaches that what would be

given by a non-charring material
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Figure 82. Effect of char fraction on burning rate, dimensional plot.
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Figure 85. Effect of char fraction on char depth, dimensional plot.

4.2 Experimental limitations and difficulties

A number of limitations and difficulties were encountered during the course of the

experimental programme.

a) Scan rate

The relatively slow scan rate used by the Cone Calorimeter may have resulted in aliasing

problems particularly for obtaining the peak mass loss rate data. Unlike for a non-

charring material, the peak mass loss rate of a charring material only occurs for a very

short (almost instantaneous) time. If the peak mass loss occurred in-between scans then

the actual value was not recorded rather a lower value may have been recorded (Figure

86).
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Figure 86. Error between actual and measured peak burning rate.

In a few selected experiments the scan rate was increased to 1 or 2 scans per second to

investigate whether this would enable a more accurate peak burning rate to be obtained

although the results of this procedure were inconclusive.

b) Thermocouples
It was found that the use of thermocouples inserted into the sample could affect the mass

loss rate measurements. The weight of the probes and the associated wires may have
introduced an error and it was found that vibrations in the probes could result in very
noisy mass loss data. For this reason, tests conducted later in the main ‘burning rate’
series were completed without any thermocouples inserted into the samples. As a result
of the noisy mass loss rate measurements, the effective mass loss rate (or the effective

burning rate) of the sample was obtained from Equation 1, using the measured rate of
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heat release at each time interval and the average heat of combustion over the duration of
the test. Since the instantaneous heat of combustion is obtained from the rate of heat
release and the mass loss rate, the effect of the noisy mass loss rate data resulted also in
noisy heat of combustion data and thus no average heat of combustion for a given test. In
these cases the average heat of combustion calculated for all similar species of wood at a

given orientation was used to obtain the effective mass loss rate.

b) Back effects

The integral model described in this study assumes that the sample is semi-infinite. As
described in § 1.4.2, the samples necessarily had a finite thickness. For long duration
exposures the thermal wave would effectively be ‘reflected’ at the back thus affecting the
burning characteristics of the sample. Figure 83 shows an analysis for the predicted depth
of the thermal penetration wave depth as a function of time using the long-time solution

to the integral model (Equation 152) and the typical wood properties given in § 4.1.7.
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Figure 87. Predicted depth of the thermal penetration wave using the long-term integral
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The integral model suggests that the thermal penetration wave reaches the back of the
sample (i.e. a depth of 50 mm) in around 960 seconds (16 min). Thus, back effects may
not be important up to this time. It should be note that the integral model developed by

Moghtaderi et al. [31] successfully predicts the finite thickness effects.

The finite thickness of the sample and the experimentally configuration also affected the
thermocouple measurements. As the retainer frame was heated by the incident flux, it
would transfer heat into the sides and back of the sample. This heat would penetrate into
the sample and thus affect the internal temperature profiles. This effect was particularly
noticeable with the thermocouple mounted at the back of the sample. The output of this

thermocouple would often be higher than the thermocouple at 36 mm for the initial stages
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of a test. Eventually, as the heat from the exposed surface penetrated through the sample,

the 36 mm thermocouple would record temperatures above the back thermocouple.

4.3 Data analysis and presentation

A significant volume of data was recorded in this study for the burning rate of the
samples and the accompanying temperature data. In addition the analysis of this data also
generated a significant volume of information. In order not to present the reader with
large numbers of plots in the main text, the complete set data are provided in the
Appendix. For each sample tested, plots of the energy release rate; heat of combustion;
temperature profiles; measured and predicted burning rate; derived and predicted thermal

penetration depth and derived and predicted char depth are given where available.

4.4 Cone Calorimeter data
The energy release rate and instantaneous heat of combustion data for each sample tested

are shown in the Appendix.

4.4.1 Effective heat of combustion
The average effective heat of combustion for an individual test was found as described in

§ 1.4.2 and the overall average heat of combustion calculated for each species and grain

orientation (Table 16).

Table 16. Average effective heats of combustion for each species and grain orientation.
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In comparison Tran & White [34] obtained values of between 10.5 kJ/g and 14.5 kJ/g for

Redwood and between 9.0 kJ/g and 11.9 kJ/g for Red oak.

4.4.2 Energy release

In order to verify that the measurements recorded in this study were consistent, the
average and peak energy release rates obtained from the oxygen calorimetry
measurements were compared with data reported by Tran & White [34], Janssens [1] and

Hopkins [30].

a) Douglas fir
The peak energy release from the along grain samples compare well with Janssens [1]
data (which were also tested in the same grain orientation) and the general trend in all

three sets of data are similar.
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Figure 88. Comparison of peak energy release rates from Douglas fir.

b) Redwood

Figure 89 shows that Janssens [1] obtained generally higher average energy release rates
for Redwood compared to those obtained in this study. The peak energy release rates
measured by Janssens fall in-between the along and across grain measurements recorded

here (Figure 90).
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¢) Red oak

Figure 91 compares the average energy release from the Red oak samples with those
quoted by Tran & White [34]. The along grain sample tested at 25 kW/m? is comparable
with Tran & White’s data but further comparisons cannot be made since Tran & White

did not measure the energy release rates at 75 kW/m?.
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Figure 91. Comparison of average energy releases from Red oak.

d) Maple
Figure 92 shows the average energy release data for Maple. At an incident heat flux of
75 kW/m? the average values are almost identical for the two grain orientations. At

25 kW/m?, there is a wider variation in the average energy release rate for the two tests

conducted on the across grain samples.
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Figure 92. Average energy releases from Maple.

4.5 Char fraction

4.5.1 Analysis

In order to use the model to predict the burning rate of wood the char fraction needs to be
calculated or measured. The char fraction for each sample tested in the experiments was
found using Equation 5. Table 17 to Table 20 show the values used to obtain the char

fractions for each specie.
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0094 | 0049 [ 305 | O. ) 2% :
1DFL2 75 25 0.0096 | 0.049 520 0.044 | 0.023 10% 0.34
1DFL3 25 25 0.0096 [ 0.049 481 0.041 | 0.018 16% 0.62
1DFLA4 75 25 0.0095 [ 0.049 504 0.043 | 0.024 12% 0.32
1DFL6 50 25 0.0096 | 0.050 478 0.043 | 0.022 14% 0.40
iDFL7 50 25 0.0096 | 0.050 490 0.043 | 0.022 14% 0.40
1DFL8 50 25 0.0096 | 0.050 470 0.044 | 0.022 12% 0.36
1DFL9 35 25 0.0096 [ 0.050 483 0.043 | 0.021 14% 0.52
1DFX1 75 25 0.0093 [ 0.050 477 0.046 | 0.022 8% 0.19
1DFX2 75 25 0.0096 [ 0.049 442 0.046 | 0.023 6% 0.16
1DFX3 75 75 0.0096 | 0.049 454 0.028 | 0.050 43% 0.34
1DFX4 25 25 0.0095 | 0.049 457 0.044 | 0.016 10% 0.42
1DFXS 75 25 0.0095 | 0.049 444 0.046 | 0.025 6% 0.24
1DFX6 50 25 0.0096 | 0.050 416 0.045 | 0.023 10% 0.25
1DFX7 50 25 0.0096 | 0.050 419 0.044 | 0.022 12% 0.37

Table 17. Sample dimensions used to obtain char fraction of Douglas fir.

R 73 0.0095 | 0.048 344 0043 | 0.031 0.27
IRL2 75 25 0.0093 | 0.049 362 0.048 | 0.026 0.12
IRL3 25 25 0.0095 | 0.049 357 0.045 | 0.019 0.34
1R14 75 25 0.0094 | 0.049 353 0.046 | 0.028 0.21
1IRL6 50 25 0.0096 | 0.050 321 0.046 | 0.027 0.23
IRL7 50 25 0.0096 | 0.050 332 0.041 | 0.026 041
1RLS8 50 25 0.0096 | 0.050 319 0.043 | 0.027 0.40
IRLY 35 25 0.0096 | 0.050 327 0.047 | 0.023 0.30
TRX1 75 25 0.0050 [ 0.050 350 0.045 [ 0.030 0.17
1RX2 75 25 0.0091 | 0.049 337 0.042 | 0.032 0.29
1RX3 25 25 0.0090 | 0.049 339 0.042 | 0.022 0.45
1RX4 75 25 0.0092 | 0.050 348 0.047 | 0.028 0.20
IRX6 25 75 0.0096 | 0.050 312 0.022 | 0.032 0.31
IRX7 50 25 0.0096 [ 0.050 303 - - - -
IRX8 50 25 0.0096 | 0.050 372 - - - -
1RX9 50 25 0.0096 | 0.050 295 0.043 | 0.033 14% 0.39

1RX10 35 25 0.0096 | 0.050 300 0.042 | 0.025 16% 0.40

Table 18. Sample dimensions used to obtain char fraction of Redwood.
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. 738 . 0.013
10L2 25 75 0.0096 | 0.05 757 0.034 | 0.038 32%
10L3 75 25 0.0096 | 0.05 751 0.045 | 0.022 10%
10L4 75 25 0.0096 | 0.05 757 0.047 | 0.022 6%
10L5 75 25 0.0096 | 0.050 759 0.046 | 0.022 8%
10X1 25 25 0.0096 | 0.050 681 0.047 1 0.012 6%
10X2 25 75 0.0096 | 0.050 681 0.039 | 0.018 22%
10X3 75 25 0.0096 { 0.050 670 0.046 | 0.018 8%
10X4 75 25 0.0096 |} 0.050 680 0.047 | 0.018 6%
10X5 75 25 0.0096 | 0.050 680 0.046 | 0.018 8%

Table 19. Sample dimensions used to obtain char fraction of Red oak.

MET T 75 0.0096 ) 038 [ 0028 | 24% [ 049
IML2 75 25 0.0096 | 0.05 741 | 0.038 | 0.026 24% 0.47
1ML3 75 25 0.0096 | 0.05 743 | 0.039 | 0.027 22% 0.44
IML4 | 25 25 0.0096 | 0.05 743 | 0.039 | 0.018 22% 0.71
IMLS 25 75 0.0096 | 0.050 | 730 | 0.026 | 0.043 48% 0.41
T™MXI 73 735 0.0096 | 0050 | 744 | 0.047 | 0.013 % 039
IMX2 | 25 75 0.0096 | 0.050 | 731 | 0.005 | 0.050 90% 0.13
IMX3 75 25 0.0096 | 0.050 | 756 | 0.046 | 0.020 8% 0.08
IMX4 | 75 25 0.0096 | 0050 | 740 | 0.045 | 0.028 10% 0.31
IMX5 | 75 25 0.0096 | 0.050 | 739 | 0.046 | 0.020 8% 0.06

Table 20. Sample dimensions used to obtain char fraction of Maple.
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Figure 93. Char fraction against dimensionless irradiance.

A plot of char fraction against dimensionless irradiance is shown in Figure 93. Assuming

that the char fraction is related to the dimensionless irradiance such that

g=a 3

where a and n are constants. By taking logs of both sides

Ing=In|a 1

=nln -1— +Ina
B
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) . 1
By plotting In¢ against ln(z] the values for @ and » can be obtained from the gradient

and intercept of the best-fit line. Figure 94 shows the In-In plot with a best-fit line.
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Figure 94. In (char fraction) against In (dimensionless irradiance).

Thus, the values for @ and n were 0.74 and -0.64 respectively and the relationship

between the char fraction and the dimensionless irradiance is
1 -0.64
¢=0.74 [——)
B
Equation 156

This relationship is plotted back on Figure 93 to show how it compares to the data. There

is a fair degree of scatter of the data which may partly be due to the difficulties of
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measuring the char depth. Clearly, this relationship may not be universal for all charring

materials or even all species of wood but is applicable to this study.

4.5.2 Measurements

Three samples, all exposed for 75 minutes, were carefully examined and the actual char
fraction obtained by measuring the mass of the char and the mass of the virgin wood.
Figure 95 {a} shows sample 1MLS5 prior to separating the char from the virgin wood.
Note how it is not easy to determine the exact transition between the char layer and the

virgin wood, which made the estimation of the volume difficult.

Pyrabysis rone

S s,

wond

e

Figure 95. Half of samples of {a} 1MLS5 and {b} 2DFX9i showing char layer and virgin
wood.
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0.000152 | 0.000095 | 0.000128

0.000050 | 0.000034 | 0.000055

0.0331 0.0217 0.0346
0.0407 0.0204 0.0318

217 228 299
837 606 576
0.26 0.38 0.52
0.41 0.13 0.43

Table 21. Comparison of measured and calculated char fraction.

Table 21 shows a comparison of the measured and calculated char fraction. Only with the
10L2 sample is the comparison relatively close. It would have been desirable to have
continued this comparison with additional samples, however, the samples were required

by Schroeder [10] as part of his study and so were not available to the author.

4.6 Burning rate

4.6.1 Determination of flame heat flux and heat of gasification

a) Burning rate analysis

Equation 79 suggests that the net surface heat flux just after ignition is given by
i =dy+d-olf! - T)

by neglecting the ambient temperature contribution which is small, this equation becomes
dt =4+ 4 -0l

Equation 157
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Consider the case of a material with a steady state burning rate 7, . From Equation

131,
Pes(d . d 2k (T,-T,)
—=* (-dtz; ——dtT]5 +1it"c (T, - T)+( )[AH] q1(T)- ——-ﬁw v

assuming that the surface temperature T of the burning material is at T, the thermal

penetration depth &, is & and the bumning rate m" is n1,,,, , then

Ps(d, d, ) M ety _2,(T,-T,)
2 (dtT’ i R N T)+( la#,]=4:(r)-==5
. . -

steady [AH] ( ) 2kw(7;""T)

(1-¢)" " 6,

Equation 158
Multiplying Equation 158 through by ¢,

e, (A, |= e, (1) -2t ) ©(%,-%)
Equation 159

From the definition of L, Equation 159 can be written as

iy 2k, (L-AH,)
w(l ¢)[AH] wd+ (Tv)—“""'_gs"—“

s, _ §2T) __2k,L | 2k,
(1_¢)_ AH 5: CWAHV 5: cW

v

substituting for & (§ 4.1.6)

m:?e"dy .___q:(]:») 2k L c q+(T) 2k c q+(T)
(1-¢) AH, c,AH, 2k,L cw' 2k, L

\4
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My _ 41(L) _41T) 42T
(1-¢) AH, aH, L

thus, recalling that T, = Tj, the steady mass loss rate is given by

L, _(1=-9)d(T)

steady ~ L

Combining Equation 157 with Equation 160 gives

m:teady =q.;l+q.‘!’_a'];4+ =_q.i+g£__o’_]_;4_
(1-¢) L L L 1

Equation 161

Using a linear regression line through the a plot of steady mass loss rate against incident

heat flux, the slope can be expressed with the following equation

(1 - ¢) = Am:teady
L Aq

slope =

Equation 162
Thus

_ slope

-9

Equation 163

In addition, the value for the intercept of the best fit-line is where the incident heat flux

g; equals zero. Therefore, Equation 161 can be rewritten as

m

”
steady §

= intercept = -(-l-z—@(q’} -oT)
Equation 164
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By rearranging, we can calculate the flame heat flux g with

., _ intercept -
» _ Intercept L+aT“

qﬂ (1_¢) s

Equation 165

assuming that the surface temperature 7 is at the ignition temperature Tj,.

The theory described above in Equation 164 and Equation 165 is similar to those
developed for a non-charring material but with addition of the char fraction. For a
charring material the mass loss rate does not reach a steady value at ignition but reaches a
peak and then decays over time (§ 1.2.2). Thus, by plotting the peak mass loss rate
against incident heat flux, an (over-)estimate of the heat of gasification and flame heat

flux at the peak burning rate can be obtained from Equation 162 and Equation 165.

Figure 96 to Figure 99 shows the graphs of the measured peak burning rate against
incident heat flux for each species tested in the Cone Calorimeter. The heat of
gasification and flame heat flux obtained from these in the along grain and across grain

configurations are shown in Table 22 and Table 23.
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Figure 97. Peak burning rate as a function of incident heat flux for Redwood.
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Figure 98. Peak burning rate as a function of incident heat flux for Red oak.
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Figure 99. Peak burning rate as a function of incident heat flux for Maple.
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35 577 6.28 6.10 4.50 9.54 4.55 432 5.83
50 7.44 434 3.69 4.60 9.54 4.55 4.32 5.83
75 8.36 5.06 6.94 5.90 7.07 430 2.31 4.95

Table 22. Calculated heats of gasification from peak burning rate data.

Table 23. Calculated flame heat fluxes from peak burning rate data.

b) Iterative approach
An iterative approach, as suggested by Quintiere & Anderson [37], was used to adjust the
flame heat flux and heat of gasification such that there was an overall best agreement

between the model predictions and the experimental data.

For each wood at a given orientation, the effective burning rate obtained from the Cone
Calorimeter experiments were plotted in dimensionless terms and each individual
dimensionless burning rate curve was plotted on a single set of axes (for e.g. Figure 96,
similar results were obtained for the other woods). Since the definition of the

dimensionless burning rate M is

m"L

M=)
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initial values of the heat of gasification L and the flame heat flux g% (used to find g (1)

from Equation 81) were taken from the effective steady state burning rate analysis

described above.

Using the examination of the contribution of the flame heat flux and heat of gasification
(§ 4.1.7) to the small-time and long-time solutions to the integral model as a guide, single

values for these two variables were selected such that the following were achieved:

1. The small-time solution gave a reasonable match with the initial mass loss rate at
ignition,
ii. The intersection of the small-time and long-time solutions was comparable with

the peak experimental burning rate,
1ii. The long-time solution followed the decay portion of the experimental burning

rate.

It was found that adjusting the flame heat flux and heat of gasification to exactly match
any one of the three criteria resulted in a poor comparison with the remaining two. Thus
the selection of the flame heat flux and heat of gasification was based on obtaining a

reasonable match with each of the three criteria.

Clearly the values of the flame heat flux and heat of gasification obtained in this study are
not intended to be exact for a particular species of wood at a given orientation. As already

discussed in § 1.2.1, wood by its very nature varies from tree to tree and within any one
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tree. In addition, the iterative process and the need to arbitrarily decide what constituted a
good match means that the values given here are only representative.
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Figure 100. Dimensionless burning rates of Douglas fir in the along grain orientation
using properties calculated in each individual test.

Table 24 and Table 25 show the final derived values for the heat of gasification and flame

heat flux for each wood in the two grain configurations.

Table 24. Final derived heats of gasification from iterative analysis.
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Table 25. Final derived flame heat fluxes from iterative analysis.

In the study by Rhodes & Quintiere [46] and also by Hopkins [30] it was found that the
flame heat flux for burning PMMA was approximately constant at 37 kW/m®. Hopkins
also measured the flame heat flux as a function of time for Redwood and Red oak. For
Redwood, peak flame heat fluxes between 32 kW/m? and 53 kW/m® with an average of
44 kW/m* were recorded by Hopkins compared to an average of 34 kW/m? obtained in
this study. For Red oak, Hopkins recorded values between 32 kW/m? and 52 kW/m? with
an average of 42 kW/m? compared to an average of again 34 kW/m? obtained in this
study. In comparison, for thermoplastics, Hopkins obtained values between 14 kW/m?
and 37 kW/m®. The peak flame heat fluxes obtained by Hopkins are on average higher
than those obtained using the iterative approach. However, it should be noted that in
many of the experiments conducted by Hopkins, the flame heat flux would reduce over
time presumably because, as observed in § 1.4.2, the flames became smaller as the char
layer formed. We might conclude that the flame heat fluxes derived here are more akin to
the average flame heat flux over the duration of the test and thus would be expected to be

less than the peak value.

Figure 101 shows the dimensionless burning rate for Douglas fir, along grain, for the four
incident heat fluxes using the final heat of gasification and flame heat flux given in Table

24 and Table 25. The chart is a combination of the individual buming rates for each
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sample, averaged and smoothed so as to obtain the general form of the experimental data.
Comparison with Figure 49 shows how the experimental data compares with the integral
model solutions. The peak dimensionless burning rate at low heat fluxes is greater than at
high heat fluxes in both cases. The relative offset in the peaks as a function of time is
more difficult to identify in the experimental data. At long-times the burning rates at the
various heat fluxes run parallel although there is some minor fluctuation in the

experimental data. Similar results were obtained for the other species.
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Figure 101. Combined dimensionless burning rates of Douglas fire in the along grain
orientation using derived properties.

Figure 102 shows the dimensionless char depths for Douglas fir, along grain. Comparison
with Figure 51 shows similarities between the experimental data and integral model

solutions. In general, the char depths run parallel leading to an inflection point at around
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7= 0.1 where the gradient of the lines decrease but continue to run parallel. The relative

order of the experimental data does not compare as well with the integral model

solutions. For example, Test 1DF3 (25 kW/m?) shows a higher dimensionless char depth

than the other tests whereas the integral model predicts lower dimensionless char depths

for lower incident heat fluxes.
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Figure 102. Dimensionless char depths of Douglas fire in the along grain orientation

using derived properties.

4.6.2 Comparisons with model predictions

The Appendix shows the comparison between the measured effective mass loss rate (as

discussed in § 4.2) and the small-time and long-time integral model solutions. To obtain

the solutions, the analysis used the following properties and relationships:
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1) the heat of gasification and flame heat flux derived from the iterative approach
(Table 24 and Table 25),

ii) the critical heat flux (Table 11), ignition temperature (Table 12) and thermal
inertia (Table 13) obtained from the ignition analysis,

iit) the average density (Table 3) and thermal diffusivity (Table 4),

1v) the convective heat transfer relationship (Equation 67) and

V) the char fraction relationship (Equation 156)

For each sample, the burning rate is shown in both dimensionless and dimensional forms
with common scales for the x-axis and y-axis to allow for easy comparison. Examination

of the burning rate curves found the following points of note:

a) Douglas fir

The peak burning rate obtained by the intersection of the small-time and long-time
solutions is greater than the measured data at high incident heat fluxes. For the along
grain samples the long-time burning rate is lower than the measured data however a
better match is achieved for the across grain samples. 'As discussed in § 4.6.1, by
changing the properties we could get a better match between the long-time solution and
the experimental data but at the expense of the match between the peak burning rates.
Thus the results shown for this and the other woods is a compromise between these
conflicting requirements. The results from Test 1DFX3 are discussed in more detail in

§4.7.
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b) Redwood

For reasons not determined, the energy release data from Test 1RL1 shows an offset. For
along grain samples the long-time burning rate is lower than the measured data but, as for

Douglas fir, the across grain results compare well.

¢) Red oak

Both grain orientations exhibit a reasonable general match between the measured burning

rate and the integral model.

d) Maple

The across grain samples show a good match between the measured and predicted
burning rate. The along grain samples again have a lower burning rate from the integral
model compared with the measured data. Only limited data was available for Test IML5
as the Cone Calorimeter’s data acquisition system crashed 3:50 after the start of the test.
The system was restarted at 5:45 by which point the sample had just started to burn.
Processing the data files for this test was problematic and thus some of the analysis has

not been completed for this sample.

In several cases, it appeared that the long-time solution for the burning rate using the
derived properties gave an under-estimate compared to the measured data. As shown in
§ 4.1.7, by decreasing the heat of gasification, the long-time burning rate can be shifted
upwards. However if the heat of gasification is decreased sufficiently, it is found that the

small-time and long-time solutions no longer intersect thus providing a solution that
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departs from what is actually measured. Again, this demonstrates the difficulty in

determining the properties whilst maintaining an overall reasonable match with reality.

4.6.3 Peak burning rate

As discussed in § 4.1.7, the small-time solution of the integral model eventually reaches a
steady-state level equivalent to what would be expected from a non-charring material
(Figure 42). The peak burning rate from a charring material, whether measured or
obtained from the intersection of the small-time and long-time solutions, ié always less

than the small-time steady-state level as shown in § 4.1.7.

By calculating the small-time steady-state value and obtaining the peak burning rate
either from experiments or the integral model, the ratio

m"

I—I _ peak

]
msteady

Equation 166

can be found for each sample at its incident heat flux exposure condition. Figure 103 and
Figure 104 show the average ratios for each wood species at the given orientations and
incident heat fluxes. The general form of the curves is similar with the ratio higher at the
low incident heat fluxes and decreasing as the heat flux increases. In general, the curves
obtained from the integral model compare well. For across grain Maple the ratio remains
almost constant and for along grain Douglas fir and Redwood the ratio increases at 35

kW/m? compared to all species apart from the across grain Maple.
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An overall set of average values can be obtained from the results of the above analysis of
the charring peak burning rate with non-charring peak buming rate (Figure 105). In this
case, where no ratio for the experimental data exists for a particular wood (e.g. Maple,
across grain at 35 kW/m? etc.) then the ratio is found by interpolation. The chart indicates
the reasonable comparison between the integral model and the experimental data over the

range of incident heat fluxes.
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Figure 105. Average ratios of charring peak bumning rate with non-charring peak burning
rate from integral model solutions and experimental data.

Thus, an empirical relationship can be obtained for estimating the peak burning rate from

the integral model solution. From Equation 160, the steady burning rate is given by

e _-9)d(T)

steady — L
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Using a cubic polynomial fit to the integral model ratios as shown in Figure 105, the peak

burning rate factor /7 is given by

IT = -0.000004[¢7]’ +0.00083[¢’]* - 0.0647+1.96

Equation 167
thus, from Equation 166, the peak burning rate is simply

- n . n
m peak — H'msleady

Equation 168

Figure 106 shows a comparison between the calculated peak burning rate using Equation

167 and Equation 168 with the experimentally measured peak burning rates. The values
for my,,, were obtained using the values for the heat of gasification and flame heat flux

given in § 4.6.1 (Table 24 and Table 25). The char fraction ¢ was found from Equation

156.
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Figure 106. Comparison of measured peak burning rate and calculated buming rate using
the ratio of peak to steady burning rate relationship.

The empirical relationship for the prediction of the peak burning rate shows that,
although the trend is consistent, for higher measured values the relationship under-

estimates the peak burning rate.

4.7 Burning rate of char

During the tests conducted in this study it was observed that flaming would eventually
cease and instead the char at the surface of the material would be oxidised away by the
incident heat flux. The best example of this was in Test 1DFX3 (Douglas fir, 75 minutes
at 75 kW/m?) where the rate of heat release and heat of combustion data clearly shows

the transition from wood burning to char oxidation (Figure 107).
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Figure 107. Rate of heat release and heat of combustion for Test 1DFX3 showing back
effect and char oxidation phases.

The heat of combustion data exhibits a higher degree of fluctuation during the char
oxidation phase due to the relatively low instantaneous mass loss rates. From Equation 1
it can be seen that small values for the instantaneous mass loss have a significant effect
on the calculated instantaneous heat of combustion. By taking an average of the heat of
combustion during the char oxidation stage of the test and neglecting the high and low
peaks, the heat of combustion of the char was found to be 35.5 MJ/kg. This value
compares well with the average heat of combustion for char of 34.3 MJ/kg quoted by
Drysdale [2]. By using the average heat of combustion for char and the measured rates of

heat release the average ‘burning’ rate of the char was found to be 0.0015 kg/s.m>.
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Figure 107 also clearly shows the back effect (§ 4.2) where the burning rate of the sample
increases as the thermal wave is reflected at the rear of the sample. It is interesting to note
that the increase in buming rate appears to begin at around 20 minutes. This result is
comparable to the value of around 16 minutes for the thermal wave to reach a depth of

50 mm found in the analysis of the long-time solution for the integral model (§ 4.2).

4.8 Charring rate and char depth

4.8.1 Background

In this section the char depth is analysed using the integral model solutions, the
thermocouple measurements, the mass loss data and the measured char depth at the end

of the test. These aspects are discussed and compared below.

4.8.2 Mass loss rate data

From the derivation of governing equations, Equation 125 states that

m" d6¢

i-9) " ar
thus rearranging

as, "
d  p,(1-¢)

Equation 169

and integrating over time ¢ we obtain

'hﬂ

5. =
' H-9)

Equation 170
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Since the experimental data provides the char depth at the end of each test, we can
compare the measured char depth and the calculated char depth from Equation 170 using
the average mass loss rate measured in the Cone Calorimeter and ¢ equal to the duration
of the test ¢ Figure 108 shows a plot of calculated char depth against measured char
depth. At earlier times (25 minutes), the calculated and measured data match fairly well
though the mass loss rate relationship appears to over-predict slightly. However, at later
times (75 minutes) the integral model fails to successfully predict the char depth
compared with the measured data. It is likely that this is due to a back face effect where
in the experiments heat is lost through the back face and/or the sample is completely

charred whereas the integral model treats the sample as having an infinite depth that can

continue to char indefinitely.
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Figure 108. Comparison of measured and calculated char depth.
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It is interesting to note that Tran & White [34] suggest that the charring rate can be found

from

Equation 171

assuming that the mass of the char is negligible and ignoring the mass loss in advance of
the char front. Equation 171 is equivalent to the charring rate equation, Equation 169,

obtained from the integral model with the difference being that the integral model
includes the effect of the char fraction. In § 4.5.1 we show that as g; >> ¢/ the ¢ - 0,

thus Equation 169 and Equation 171 would give the same result.

4.8.3 Final char depth from integral model solutions
A similar analysis as that shown in § 4.8.2 can be performed using the predicted char

depth from the long-time solution given by the integral model. The dimensionless char

depth is given by Equation 154. From 7 = %—f— , the equivalent dimensionless time 7 for

s

25 minutes can be obtained and hence the char depth calculated. Similarly the measured

char depth and the char depth from the mass loss data can be made dimensionless since

=)

[

A -
¢ 5-‘

Thus a comparison can be made by plotting the dimensionless char depths from the
integral model, the measured data and the mass loss data against each other (Figure 109

to Figure 112). In each figure, three plots are shown; the measured depths versus the
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integral model solution (line 1, using + symbols), the mass loss versus integral model

solution (line 2, using - symbols) and mass loss versus measured depths (line 3, using X

symbols).
8.0 .
v -
. ”
. rd
- X .
7.0 J .
. P /x - ”
- i
@ % P
6.0 - .+~ Equality
oy - id line
- .
= 50 e
£
H]
£ 40|
i
=
% 3.0
g + Measured vrs Integral model (1)
a = Mass loss data vrs Integral model (2)
20 4 % Mass loss data vrs Measured (3)
1.0 |
- ’-
N
00 L= : , : , . . . .
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

Dimensionless char depth, A, |-]

Figure 109. Comparison of char depths at 25 minutes for Douglas fir.
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Figure 110. Comparison of char depths at 25 minutes for Redwood.
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Figure 112. Comparison of char depths at 25 minutes for Maple.

The analysis shows, as found in § 4.8.2, the mass loss and measured depths compare
well. The data (line 3) lie close to the equality line and follow the equality line over the

range of depths obtained.

The comparison between the integral model and the measured data (line 1) shows that at
low dimensionless char depths (between 1.0 and 2.0) the two compare well but as the

depth increases the integral model predicts shallower depths than measured.

4.8.4 Char depth using thermocouple data
In addition to using the thermocouple data to obtain the thermal penetration wave
(§ 4.9.1), the measurements were used to map the travel of the pyrolysis front (i.e. char

depth) as it moved through the samples.
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In § 4.1.1 it is assumed that the vaporisation temperature of the volatiles 7, in the
pyrolysis zone is equivalent to the ignition temperature Tj,. Thus, if the time at which the
thermocouples first record a temperature at the calculated ignition temperature for a
species of wood at a given orientation (Table 12) then the char depth can be obtained. In
the studies by Schaffer [17] it was found that the transition temperature for wood to
become char is around 288 °C regardless of species. Therefore, in this study, the char
depth using the thermocouple measurements has also been obtained by using a critical
temperature of T, = 288 °C in addition to the calculated ignition temperatures. Figure
113 shows an example of the method used to obtain the char depths.
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Figure 113. Determination of char depth using wood ignition temperature or char
ignition temperature (Test 1RL2).
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The char depth can be examined in terms of dimensionless variables for each species of
wood at given incident heat fluxes. The dimensionless depth of each thermocouple probe

can be obtained from

Equation 172
where & is the depth of the thermocouple and the time at which it reaches the ignition

temperature #(7T;) from

Ty = el tg")

Equation 173
The integral model gives Equation 143 for the small-time char depth,

A, = 2Mig (r—z',.g)

and Equation 154 for the long-time char depth,

A, ~ \/2[%5%]“9‘ -1)(e-7,)

Plots for the char depth using the thermocouple data are compared with the theoretical

predictions from the integral model are presented below. In each plot a trend line is
drawn through the thermocouple data as a means to compare the experimental data with

the theoretical curves.

a) Douglas fir
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Figure 115. Dimensionless char depth using thermocouple measurements for Douglas fir

at 50 kW/m?>.
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Figure 116. Dimensionless char depth using thermocouple measurements for Douglas fir
at 75 kW/m’.

Figure 114 to Figure 116 show the dimensionless char depth plots for Douglas fir. The
trend for the thermocouple data at 25 kW/m? differs from the theory simply because only
two depths were obtained from the temperature data. The plots for 50 kW/m? and

75 kW/m® thermocouple data show reasonable consistency between tests particularly for
the across grain configuration. Comparison of the thermocouple data with the theoretical

predictions show a fair qualitative match.

b) Redwood
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Figure 117. Dimensionless char depth using thermocouple measurements for Redwood
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Figure 118. Dimensionless char depth using thermocouple measurements for Redwood

at 50 kW/m>.
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Figure 119. Dimensionless char depth using thermocouple measurements for Redwood
at 75 kW/m’.

Figure 117 to Figure 119 show the dimensionless char depth plots for Redwood. The
plots for the thermocouple data show good consistenéy in both grain configuration.
Comparison of the thermocouple data with the theoretical predictions show a good
qualitative match compared with the Douglas fir. In all three cases the dimensionless char
depth for the across grain configuration is greater than the along grain configuration for
both the thermocouple data and the integral model predictions. The general trend for the
thermocouple data follows the model predictions albeit the thermocouple data gives

generally higher dimensionless char depths compared with the theoretical values.

Similarly, dimensionless plots could be made for Red oak and Maple and also plots using

the critical char temperature of 288 °C.
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4.8.5 Overall results
The char depth obtained from the mass loss data, the integral model solutions and the
thermocouple data for each wood sample tested is shown in the Appendix. Concluding

observations regarding the results for each wood species are given here:

a) Douglas fir

For the along grain samples, with the exception of Test IDFL3 (25 kW/m? for

25 minutes), the integral model follows the mass loss data up to around 8-10 minutes at
which point the two curves intersect. Thereafier, the integral model predicts shallower
char depths than given by the mass loss data. This result agrees with the findings
discussed in § 4.8.3. For Test 1DFL3 the short-time solution prevails for almost the
whole test. In general, the thermocouple data compares reasonable well with the mass
loss and integral solutions with the T}, analysis comparing better in some cases and the

Techar analysis in others.

For the across grain samples the integral model and mass loss data show similar trends
with the long-time solution and mass loss data almost coinciding at the termination of
each test. The T}, thermocouple measurement analysis matches the integral model
reasonably well. In Test 1DFX3 the thermocouple data follows the mass loss data

remarkably well (Figure 187) as the end effects become significant.

b) Redwood
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For the along grain samples the long-time solution and mass loss data only compare well
for the first few minutes and thereafter the integral model predicts shallower char depths.
With the exception of Test 1RL1, the T}, thermocouple data closely follows the mass loss
data. In Test 1RL1 (25 minutes at 75 kW/m?), there appeared to an offset with the

measured mass loss data that affect the analysis.

The integral model and char depth from mass loss rate measurements compare well for
across grain samples. The thermocouple data follows the same trends with the 7T,;,,

analysis performing better than the T}, analysis.

c¢) Red oak

Theré is a good match between the integral model and the mass loss analysis of the char
depth. The match between the char depth and the thermocouple data is fair. Similar to
Test 1DFX3, in Test 10L2 the thermocouple measurements again follow the mass loss
rate at long times. There was only limited data for Test 10L3 as the 12 mm and 24 mm

deep thermocouples failed early in the test.

d) Maple

The along grain integral model predictions and mass loss rate char depths compare well
however the thermocouple data gives deeper char depths in comparison. For across grain,
the T4 temperatures match the integral model for an incident heat flux of 25 KW/m?

whereas the T, data gives deeper char depths. For an incident heat flux of 75 kW/m? the

213



integral model is comparable to the mass loss data but the thermocouple data does not

compare well.

4.9 Temperature measurements
4.9.1 Thermal penetration depth

From the integral model we can determine the depth of the thermal penetration wave

prior to ignition from Equation 27

il
1-p

Once ignition has occurred, the thermal penetration wave follows Equation 151 from the

small-time solution,

T e

\4

and Equation 152 from the long-time solution,

~\/A +12(z -

The measurements from the thermocouples inserted into the samples were used to map
the thermal penetration wave and Figure 120 shows the analysis method. A temperature
difference AT between ambient and a given temperature rise was selected. The
thermocouple measurements at each depth were examined and the first time at which the
measured value reached or exceeded AT was noted. Thus the time for the thermal wave to
penetrate through the depth of the sample could be obtained as a function of the depth of

each thermocouple.

214



40

]! 4 mm 12 mm 24 mm
. AT = 10 degC
35 |
El).. 30 4 AT«) ATm)
® A A
=
E AT
g e
. 50 mm
E 25 |
=~
20 Ll 1
vy / h 4 _ _.—" Ambient
15 H - . : L , ‘ ' .
0w 0 60 120 @ 180 240 300
Time [s]

Figure 120. Detail of temperature measurements for Test 1DFX4.

It must be recalled that, as described in § 4.2, at greater depths and longer times the
temperature measurements are influenced by the heat penetrating through the rear of the
sample from the hot sample retainer. Figure 120 also shows how the 50 mm (back)
thermocouple would record higher temperatures during the initial stages of a test due to
the hot retainer frame. As the test progresses, the temperature from the 36 mm

thermocouple continues to rise and eventually overtakes the back thermocouple.

In theory, the moment the top surface of the sample is exposed to the incident heat flux,
the rise in temperature is transmitted through the complete depth of the material. In
practice this is not the case and even if this were true it would not be possible to measure
the minute temperature changes at the locations remote from the exposed surface. Thus a

temperature rise was selected that was relatively small so that the progress of the thermal
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penetration wave through the sample was measured, but not so small that the inherent

measurement error from the thermocouples and other factors became important.

Figure 121 shows the measured thermal penetration depth using four temperature rises of
2°C, 5 °C, 10 °C and 15 °C and the theoretical values for Test IDFX4 (25 kW/m?). It
clearly shows how the results for the back thermocouple give erroneous results for the
time for the thermal penetration wave to reach a depth of 50 mm. For a AT of 2 °C the
time is only 42 s which is considerably sooner than the time of 170 s for the thermal wave
to reach 36 mm. As AT is increased, the back thermocouple begins to give results that are
more appropriate and by a AT of 15 °C the result is closer to what would be expected.
Because of this problem with the back thermocouple, it was normally neglected from the

analysis of the thermal penetration wave.
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Figure 121. Determination of thermal penetration depth using temperature rises (A7)
measured by the thermocouples (1IDFX4).

Figure 122 shows a similar analysis for Test 1DFLI1 (75 kW/m?). At small times, i.e. at
the top-most thermocouple, there is little difference between the four temperature rises
and the theory. As the thermal wave penetrates the sample, using the different
temperature differences begins to have a greater effect on the match between the
measurements and the theory. At 24 mm the 2 °C temperature difference shows the best
match with the theory whereas at 36 mm the 15 °C temﬁéfi’tu%éé%ff'ference shows the best

match with the theory.
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Figure 122. Determination of thermal penetration depth using temperature rises (47)
measured by the thermocouples (1DFL1).

Furthermore, the theory does not account for the effects of moisture in the sample. Which
is evident in Figure 123. Some heat is required to vaporise the moisture which results in
the plateaus that can be seen in the temperature measurements at 100 °C. This process

effectively slows the thermal penetration wave as it moves through the sample.
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Figure 123. Temperature profiles for Test 1DFL1 showing plateaus at 100 °C.

As a result of this analysis and in order to obtain an appropriate approximation of the
thermal penetration wave a temperature difference of 5 °C was selected for the

comparison between the measured and theoretical temperature profiles.

Plots for the thermal penetration depths in each sample in which thermocouples were
utilised are shown in the Appendix. For all of the tests in which thermocouples were
used the match between the measured data and integral model solutions is excellent to a
depth of 36 mm. Only for the across grain Redwood samples do the thermocouples and

integral model not compare so well.
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4.9.2 Surface temperature

Equation 153 gives the temperature of the exposed surface after a ‘long’ time where

If it is assumed that the maximum temperature recorded by the top-most thermocouple is
equivaient to the surface temperature (i.e. the wood surface and the wood or char at a
depth of 4 mm are at equilibrium) then the measurements and Equation 153 can be
compared. As discussed in § 1.4.2 and 4.6.1, the flame on the burning surface of the
sample would not remain constant but would gradually reduce and eventually extinguish.

Thus Equation 153 gives an estimate of the maximum long time surface temperature. If
it assumed that the flame heat flux at long time is negligible i.e. g% ~ 0, then Equation

153 becomes

Equation 174

and thus this is an estimate of the minimum long time surface temperature. The
maximum temperature was obtained from each test in which thermocouples were utilised
and plotted against incident heat flux (Figure 124 and Figure 125). The figures also show
the theoretical maximum and minimum long time surface temperatures given by

Equation 153 and Equation 174 using the flame heat fluxes derived in § 4.6.1 (Table 25).

220



900 1‘
800 T‘
700 . -
-
s
S 600
[l !
g
H 500 -
[
£y
& 400
g
300 —— Theoretical without flame
— — Theoretical with flame (along grain)
200 & Thermocouple data (along grain)
_ _ _ Theoretical with flame (across grain)
100 | o Thermocouple data (across grain)
!
0 10 20 30 40 50 60 70 80

Incident heat flux, ", (kW/m’]

Figure 124. Measured and theoretical long time surface temperatures for Douglas fir.
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Figure 125. Measured and theoretical long time surface temperatures for Redwood.
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Figure 126. Measured and theoretical long time surface temperatures for Red oak.
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Figure 127. Measured and theoretical long time surface temperatures for Maple.
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For Douglas fir and Redwood it can be seen that the thermocouple measurements
generally fall in-between the two theoretical curves. For the Douglas fir along grain
surface temperatures at high heat fluxes the thermocouple measurements fall below the
theoretical minimum temperature curve. Similarly for Red oak and Maple, the
thermocouple measurements generally fall in-between the two theoretical curves at

25 kW/m? but lie below the theoretical curves at 75 kW/m?>.
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S.

FURTHER WORK

This study presents a relatively simple model describing the ignition and burning

characteristics of charring materials and methods to obtain the properties required to use

the model. Suggested further work is given here although some of these may have only a

minor effect on the theoretical predictions.

a)

b)

The current integral model assumes that the char layer remains in place throughout
the burning duration. As shown in this study, the exposed surface of the char layer
recedes as it is oxidised by the incident heat flux. Thus the model could be modified
to account for the oxidation in terms of an additional mass loss rate from the sample
and thus a reduction in the overall height of the sample

The integral model does not explicitly include the effect of any free moisture in the
sample. As discussed in § 2.3, the moisture content of wood will influence the
ignition properties. However, this moisture effect is effectively accounted for in the
apparent thermal inertia obtained from the time to ignition data. Moisture also plays a
part in the burning rate of wood and, as discussed in § 4.9.1, the thermal penetration
into the material. Again the effect of the moisture is, at least partly, accounted for by
the derivation of the effective heat of gasification of the material.

The processes involved in the ignition of wood at lower incident heat fluxes clearly
warrants further investigation. The results from this study have shown that the
mechanism for ignition appears to change from a ‘bulk’ surface ignition to a localised
glowing ignition. The ignition temperature of wood is almost constant at high
incident heat fluxes but appears to initially rise as the flux is reduced before falling to

considerably lower values as the glowing ignition process becomes predominant.
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Finally, there appears to be an almost constant transitional incident flux at which the

ignition of wood as a function of grain exhibits a cross-over between the relative
times to ignition.

As observed in § 1.4.2 and measured by Hopkin
burning charring material such as wood does not remain constant as assumed in the
integral model. The size of the flame, its heat flux back to the surface of the material

and thus the mass flow rate of the volatiles are all interdependent. We might therefore

want to consider modification of the model to account for this process.

CONCLUSIONS
The integral model for the time to ignition gives good agreement with experimental
data at high incident heat fluxes (greater than ~20 kW/m?)
A low estimate of the critical heat flux for piloted ignition can be obtained from the
time to ignition data using the intercept along the x-axis of a linear extrapolation of a
plot of 1/ JZ; against incident heat flux. Comparison with the integral model theory
shows that this intercept value needs to be modified by a constant factor to obtain a
better estimate of the critical heat flux.
An estimate for the ignition temperature of wood can be obtained from the critical
heat flux derived from the ignition time measurements.

The apparent thermal inertia of a material can be obtained from the slope of a linear

extrapolation of a plot of 1/ JZ against incident heat flux.

225




The ignition and burning rate of wood depends on many factors including the species,
grain orientation, moisture content, exposure conditions and the inherent variability of
wood as a natural material.

The integral model for the burning rate of a charring material combines a small-time
and a long-time solution. It may be possible to use the transition between the two
solutions to obtain an estimate of the peak burning rate of the material although the
results obtained do not compare particularly well with the measurements.

The effective heat of gasification and flame heat flux can be obtained from buming
rate experiments conducted in the Cone Calorimeter. An iterative approach is
necessary to obtain appropriate values of the heat of gasification and flame heat flux
which best match the measured data. The choice of the properties is a balance
between conflicting requirements so as to match the small-time solution, the peak
burning rate and the long-time solution and is therefore based on a certain degree of
interpretation.

The char fraction of wood has been found to be a function of the ratio of the incident
heat flux and the critical heat flux. The function may not be universal for all charring
materials or even all species of wood.

Once suitable properties have been derived, the integral model’s solutions for the
burning rate qualitatively compares well with the measured data. The model predicts
both the initial growth and the subsequent decay.

Thermocouples embedded into a burning sample can be used to estimate the thermal
penetration depth, char depth and the surface temperature after a long time.

Comparison between the thermocouple data and the integral model shows reasonable
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agreement particularly for the thermal penetration depth and the long-time surface
temperatures. Prediction of the char depth using the thermocouple data is not
particularly reliable.

Prediction of the char depth can be made using the average burning rate. The
predictions of char depth based on the measured mass loss rate and the measured char
depth after an exposure of 25 minutes compare well. For an exposure of 75 minutes,
the match is poor and this may be due to the finite thickness of the samples.

The mechanism for the ignition of wood at low heat fluxes close to the critical heat
flux appears to be different from that at high heat fluxes. At low heat fluxes, localised
smouldering of the wood may increase the energy input at that point and thus lead to

a localised ignition.

“Science is not the easy road to simple answers, but a torturous path to more complex
questions.”

“And this thumping in our chest said ... there is no rest.
We would hang together
or they'd hang us one by one”

A Fire is Burning, Oysterband (Holy Bandits, 1993)
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7. APPENDIX
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Test (1DFL1), Douglas Fir, along grain at 75 kW/m? for 25 minutes.
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Figure 128. Rate of heat release and heat of combustion (1DFL1).
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Figure 129. Temperatures measured in sample (1DFL1).
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Figure 130. Comparison of dimensionless burning rate using derived properties for
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orientation (1DFL1).
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Figure 132. Comparison of measured and calculated thermal penetration depth (1DFL1).
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Figure 133. Comparison of estimated char depth from experimental data and the
calculated char depth (1DFL1).
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Test (1DFL2), Douglas Fir, along grain at 75 kW/m? for 25 minutes.
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Figure 134. Rate of heat release and heat of combustion (1DFL2).
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Figure 135. Temperatures measured in sample (1DFL2).
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Figure 136. Comparison of dimensionless burning rate using derived properties for

species and orientation (1DFL2).

0030
!
!
0.025 | .1
il
1
vl Experimental data (1)
)
= 00204 - _ _ Small-time solution (2)
E ’ : :
@ @\ —  — Long-time solution (3)
2 \
¢ o015 |0
OO0
E A
£ A
@ 0.010 J k
\\\
?\\\\—\ ()
0.005 | Tt -l
e ¢ e T
0.000 . , . . , : : . : _
0 60 120 180 240 300 360 420 480 540
Time [s]

Figure 137. Comparison of burning rate using derived properties for species and

orientation (1DFL2).
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Figure 138. Comparison of measured and calculated thermal penetration depth (1DFL2).
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Test (1DFL3), Douglas Fir, along grain at 25 kW/m? for 25 minutes.
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Figure 140. Rate of heat release and heat of combustion (1DFL3).
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Figure 141. Temperatures measured in sample (1DFL3).
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Figure 142. Comparison of dimensionless burning rate using derived properties for

species and orientation (1DFL3).
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Figure 143. Comparison of burning rate using derived properties for species and

orientation (1DFL3).
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Figure 144. Comparison of measured and calculated thermal penetration depth (1DFL3).
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Figure 145. Comparison of estimated char depth from experimental data and the
calculated char depth (1DFL3).
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Test (1DFL4), Douglas Fir, along grain at 75 kW/m? for 25 minutes.
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Figure 146. Rate of heat release and heat of combustion (1DFL4).
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Figure 147. Temperatures measured in sample (1DFLA4).
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Figure 148. Comparison of dimensionless burning rate using derived properties for
species and orientation (1DFLA4).
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Figure 149. Comparison of burning rate using derived properties for species and

orientation (1DFLA4).
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Figure 150. Comparison of measured and calculated thermal penetration depth (1DFL4).

Depth [m]

0.020 _ /
_;—-J‘"Yn\f‘f
0.018 |
0.016 |
0.014 ] -
)]
0.012 |
0.010 |
2
0.008 | !
P Experimental data (1)
0.006 | _ _ _ Short-time solution (2)
/ P _ _ Long-time solution (3)
0.004 4 P - X © o Thermocouple data at Tig
0002 | ’:I / % Thermocouple data at Tchar
0000 K . . . . , . . . ( : .
0 120 240 360 480 600 720 840 960 1,080 1,200 1,320
Time [s]

Figure 151. Comparison of estimated char depth from experimental data and the

calculated char depth (1DFL4).
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Test (1DFL6), Douglas Fir, along grain at 50 kW/m? for 25 minutes.
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Figure 152. Rate of heat release (1DFL6).
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Figure 153. Temperatures measured in sample (1DFL6).
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Figure 154. Comparison of dimensionless burning rate using derived properties for
species and orientation (1DFL6).
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Figure 155. Comparison of buming rate using derived properties for species and
orientation (1DFL6).
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Figure 156. Comparison of measured and calculated thermal penetration depth (1DFL6).
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Figure 157. Comparison of estimated char depth from experimental data and the

calculated char depth (1DFL6).
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Test (1DFL7), Douglas Fir, along grain at 50 kW/m? for 25 minutes.
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Figure 158. Rate of heat release and heat of combustion (1DFL7).
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Figure 159. Temperatures measured in sample (1DFL7).
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Figure 160. Comparison of dimensionless burning rate using derived properties for
species and orientation (1DFL7).
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Figure 161. Comparison of burning rate using derived properties for species and
orientation (1DFL7).
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Figure 162. Comparison of measured and calculated thermal penetration depth (1DFL7).
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Figure 163. Comparison of estimated char depth from experimental data and the

calculated char depth (1DFL7).
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Test (1DFL8), Douglas Fir, along grain at 50 kW/m? for 25 minutes.
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Figure 164. Rate of heat release and heat of combustion (1DFLS).
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Figure 165. Comparison of dimensionless burning rate using derived properties for
species and orientation (1DFL3).
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Figure 166. Comparison of burning rate using derived properties for species and
orientation (1DFLS).
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Test (1IDFL9), Douglas Fir, along grain at 35 kW/m? for 25 minutes.

250 ., - 20
e Rate of heat release + 18
— Heat of combustion
200 4 16
— 114
E I
; 150 | | 112
o 1
H
= 10
[~
H
Z 100 | 18
=]
-
=
-3 16
50 4
12
0 . . . ; . . y . : . . 0
0 120 240 360 480 600 720 840 960 1,080 1,200 1,320 1,440
Time [s]

Figure 167. Rate of heat release and heat of combustion (1DFL9).
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Figure 168. Comparison of dimensionless burning rate using derived properties for

species and orientation (1DFL9).
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Figure 169. Comparison of burning rate using derived properties for species and
orientation (1DFL9).
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Test (1DFX1), Douglas Fir, across grain at 75 kW/m? for 25 minutes.
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Figure 170. Rate of heat release and heat of combustion (1DFX1).
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Figure 171. Temperatures measured in sample (1DFX1).
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Figure 172. Comparison of dimensionless burning rate using derived properties for

species and orientation (1DFX1).
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Figure 173. Comparison of bumning rate using derived properties for species and

orientation (1DFX1).

252




Depth (m]

0.050 _

0.045 |
0.040
0.035 | = -
@ -~ -
0.030 -
0.025 | o . e
0.020 | I
0.015 e
o . (2 ) Thermocouple data
0.010 | -7 ——— Pre-ignition solution (1)
-7 - — - Short-time solution (2)
0.005 | 7 — - Long-time solution (3)
¢V}
0.000 , . . ; . . - - —_
0 30 60 90 120 150 180 210 240 270
Time |s]

Figure 174. Comparison of measured and calculated thermal penetration depth (1DFX1).
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Figure 175. Comparison of estimated char depth from experimental data and the

calculated char depth (1DFX1).
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Test (1DFX2), Douglas Fir, across grain at 75 kW/m? for 25 minutes.
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Figure 176. Rate of heat release and heat of combustion (1DFX2).
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Figure 177. Temperatures measured in sample (1DFX2).
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Figure 178. Comparison of dimensionless burning rate using derived properties for
species and orientation (1DFX2).
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Figure 179. Comparison of burning rate using derived properties for species and
orientation (1DFX2).

255




0.050 _

0.045
0.040 | 3
0.035 | o P
0.030 | - =
E -7
£ 0.025 | PR
§ e
0.020 | 7
0.015 | P
o -7 O Thermocoupie data
0.010 | ks - Pre-ignition solution (1)
1D - - - Small-time solution (2)
0.005 s — - Long-time solution (3)
(1
0.000 . : . . : T ; : .
0 30 60 90 120 150 180 210 240 270

Time [s]

Figure 180. Comparison of measured and calculated thermal penetration depth (1DFX2).
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Figure 181. Comparison of estimated char depth from experimental data and the

calculated char depth (1DFX2).
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Test (1IDFX3), Douglas Fir, across grain at 75 kW/m? for 75 minutes.
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Figure 182. Rate of heat release and heat of combustion (1DFX3).
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Figure 183. Temperatures measured in sample (1DFX3).
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Figure 184. Comparison of dimensionless burning rate using derived properties for
species and orientation (1DFX3).
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Figure 185. Comparison of burning rate using derived properties for species and

orientation (1DFX3).
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Figure 186. Comparison of measured and calculated thermal penetration depth (1DFX3).
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Figure 187. Comparison of estimated char depth from experimental data and the
calculated char depth (1DFX3).
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Test (1DFX4), Douglas Fir, across grain at 25 kW/m? for 25 minutes.
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Figure 188. Rate of heat release and heat of combustion (1DFX4).
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Figure 189. Temperatures measured in sample (1DFX4).
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Figure 190. Comparison of dimensionless burning rate using derived properties for
species and orientation (1DFX4).
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Figure 191. Comparison of burning rate using derived properties for species and
orientation (1DFX4).
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Figure 192. Comparison of measured and calculated thermal penetration depth (1DFX4).
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Figure 193. Comparison of estimated char depth from experimental data and the

calculated char depth (1DFX4).
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Test (1IDFX5), Douglas Fir, across grain at 75 kW/m? for 25 minutes.
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Figure 194. Rate of heat release and heat of combustion (1DFX5).
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Figure 195. Temperatures measured in sample (1DFXS).
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Figure 196. Comparison of dimensionless burning rate using derived properties for

Burning rate [kg/s.m?)
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Figure 197. Comparison of burning rate using derived properties for species and

orientation (1DFXS5).
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Figure 198. Comparison of measured and calculated thermal penetration depth (1DFX5).
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Figure 199. Comparison of estimated char depth from experimental data and the

calculated char depth (1DFXS5).
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Test (1IDFX6), Douglas Fir, across grain at 50 kW/m? for 25 minutes.
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Figure 200. Rate of heat release (1DFX6).
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Figure 201. Temperatures measured in sample (1DFX6).
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Figure 204. Comparison of measured and calculated thermal penetration depth (1DFX6).
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Figure 205. Comparison of estimated char depth from experimental data and the

calculated char depth (1DFX6).
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Figure 202. Comparison of dimensionless burning rate using derived properties for
species and orientation (1DFX6).
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Figure 203. Comparison of burning rate using derived properties for species and
orientation (1DFX6).
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Test (1IDFX?7), Douglas Fir, across grain at 50 kW/m? for 25 minutes.
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Figure 206. Rate of heat release (1DFX7).
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Figure 207. Temperatures measured in sample (1DFX7).
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Figure 208. Comparison of dimensionless burning rate using derived properties for
species and orientation (1DFX7).
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Figure 209. Comparison of burning rate using derived properties for species and
orientation (1DFX7).
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Figure 210. Comparison of measured and calculated thermal penetration depth (1DFX7).
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Figure 211. Comparison of estimated char depth from experimental data and the
“calculated char depth (1DFX?7).
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Test (IRL1), Redwood, along grain at 75 kW/m? for 25 minutes.
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Figure 212. Rate of heat release and heat of combustion (IRL1).
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Figure 213. Temperatures measured in sample (1RL1).
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Figure 214. Comparison of dimensionless burning rate using derived properties for
species and orientation (1RL1).
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Figure 215. Comparison of burning rate using derived properties for species and

orientation (1RL1).

273



0.045 |
0.040 |
0.035 | o
0.030 | i
T ® -7
£ 0.025 - =
£ 0 -7
& -
0.020 | -
0.015 | - -
o Cl/ Pre-ignition solution (1)
0.010 . S - - — Small-time solution (2)
@ z — — Long-time solution (3)
0.005 | . ,D 3 Thermocouple data
1
0.000 : . , ‘ . , ‘
0 60 120 180 240 300 360 420

Time [s]

Figure 216. Comparison of measured and calculated thermal penetration depth (1RL1).
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Figure 217. Comparison of estimated char depth from experimental data and the
calculated char depth (1RL1).
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Test (1RL2), Redwood, along grain at 75 kW/m? for 25 minutes.
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Figure 218. Rate of heat release and heat of combustion (1RL2).
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Figure 219. Temperatures measured in sample (1RL2).
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Figure 220. Comparison of dimensionless burning rate using derived properties for
species and orientation (1RL2).
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Figure 221. Comparison of burning rate using derived properties for species and

orientation (1RL2).

276




0.050

0.045 |
0.040 |
0.035 | o
0.030
E ) -
5 0.025 -7
[ ju] -
& -
0.020 -
0.015 | - -7
o .- - ——— Pre-ignition solution (1)
0.010 | /, s - — — Small-time solution (2)
{(5) — — Long-time solution (3)
0.005 | . o Thermocouple data
%
0.000 | : . . : ‘ . )
0 60 120 180 240 300 360 420
Time [s]

Figure 222. Comparison of measured and calculated thermal penetration depth (1RL2).
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Figure 223. Comparison of estimated char depth from experimental data and the

calculated char depth (1RL2).
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Test (1RL3), Redwood, along grain at 25 kW/m? for 25 minutes.
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Figure 224. Rate of heat release and heat of combustion (1RL3).
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Figure 225. Temperatures measured in sample (1RL3).
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Figure 226. Comparison of dimensionless burning rate using derived properties for
species and orientation (1RL3).
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Figure 227. Comparison of burning rate using derived properties for species and
orientation (1RL3).
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Figure 228. Comparison of measured and calculated thermal penetration depth (1RL3).
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Figure 229. Comparison of estimated char depth from experimental data and the
calculated char depth (1RL3).
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Test (1RL4), Redwood, along grain at 75 kW/m? for 25 minutes.
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Figure 230. Rate of heat release and heat of combustion (1RLA4).
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Figure 231. Temperatures measured in sample (1RL4).
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Figure 232. Comparison of dimensionless buming rate using derived properties for
species and orientation (1RL4).
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Figure 233. Comparison of buning rate using derived properties for species and
orientation (1RL4).

282




0.050 -

0.045
0.040
0.035 [w]
0.030 |
T (3) -
= 0.025 | -7
3 i -
0020 | -
0.015 | -7
(2), o - Pre-ignition solution (1)
0.010 | 7 _ — — Small-time solution (2)
P
- — _ Long-time solution (3)
0.005 a // O Thermocouple data
m )
0.000 y T T T T 7 —
0 60 120 180 240 300 360
Time [s]

Figure 234. Comparison of measured and calculated thermal penetration depth (1RL4).
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Figure 235. Comparison of estimated char depth from experimental data and the

calculated char depth (1RLA4).
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Test (1RL6), Redwood, along grain at 50 kW/m? for 25 minutes.
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Figure 236. Rate of heat release (1RL6).
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Figure 237. Temperatures measured in sample (1RL6).
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Figure 238. Comparison of dimensionless burning rate using derived properties for
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species and orientation (1RL6).
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Figure 239. Comparison of burning rate using derived properties for species and

orientation (1RL6).
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Figure 240. Comparison of measured and calculated thermal penetration depth (1RL6).
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Figure 241. Comparison of estimated char depth from experimental data and the

calculated char depth (1RL6).
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Test (1RL7), Redwood, along grain at 50 kW/m? for 25 minutes.
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Figure 242. Rate of heat release (1RL7).
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Figure 243. Temperatures measured in sample (1RL7).
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Figure 244. Comparison of dimensionless bumning rate using derived properties for
species and orientation (1RL7).
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Figure 245. Comparison of burning rate using derived properties for species and

orientation (1RL7).
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Figure 246. Comparison of measured and calculated thermal penetration depth (1RL7).
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Figure 247. Comparison of estimated char depth from experimental data and the

calculated char depth (1RL7).
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Test (1RL8), Redwood, along grain at 50 kW/m? for 25 minutes.
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Figure 248. Rate of heat release and heat of combustion (1RLS).
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Figure 249. Comparison of dimensionless burning rate using derived properties for

species and orientation (1RLS).
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Figure 250. Comparison of burning rate using derived properties for species and
orientation (1RLS).
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Test (1RL9), Redwood, along grain at 35 kW/m? for 25 minutes.
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Figure 251. Rate of heat release and heat of combustion (1RL9).
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Figure 252. Comparison of dimensionless burning rate using derived properties for

species and orientation (1RL9).
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Figure 253. Comparison of burning rate using derived properties for species and
orientation (1RL9).
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Test (1IRX1), Redwood, across grain at 75 kW/m? for 25 minutes.
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Figure 254. Rate of heat release and heat of combustion (1RX1).
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Figure 255. Temperatures measured in sample (1IRX1).
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Figure 256. Comparison of dimensionless burning rate using derived properties for
species and orientation (1RX1).
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Figure 257. Comparison of burning rate using derived properties for species and
orientation (1RX1).
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Figure 258. Comparison of measured and calculated thermal penetration depth (1RX1).
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Figure 259. Comparison of estimated char depth from experimental data and the
calculated char depth (1RX1).
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Test (IRX2), Redwood, across grain at 75 kW/m? for 25 minutes.
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Figure 260. Rate of heat release and heat of combustion (1IRX2).
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Figure 261. Temperatures measured in sample (1RX2).
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Figure 262. Comparison of dimensionless burning rate using derived properties for
species and orientation (1RX2).
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Figure 263. Comparison of burning rate using derived properties for species and
orientation (1RX2).
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Figure 264. Comparison of measured and calculated thermal penetration depth (1RX2).
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Figure 265. Comparison of estimated char depth from experimental data and the
calculated char depth (1RX2).
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Test (1RX3), Redwood, across grain at 25 kW/m? for 25 minutes.
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Figure 266. Rate of heat release and heat of combustion (1RX3).
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Figure 267. Temperatures measured in sample (1RX3).
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Figure 268. Comparison of dimensionless bumning rate using derived properties for
species and orientation (1RX3).
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Figure 269. Comparison of burning rate using derived properties for species and
orientation (1RX3).
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Figure 270. Comparison of measured and calculated thermal penetration depth (1RX3).
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Figure 271. Comparison of estimated char depth from experimental data and the

calculated char depth (1RX3).
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Test (1IRX4), Redwood, across grain at 25 kW/m? for 25 minutes.
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Figure 272. Rate of heat release and heat of combustion (1RX4).
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Figure 273. Temperatures measured in sample (1RX4).
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Figure 274. Comparison of dimensionless burning rate using derived properties for
species and orientation (1RX4).
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Figure 275. Comparison of burning rate using derived properties for species and

orientation (1RX4).
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Figure 276. Comparison of measured and calculated thermal penetration depth (1RX4).
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Figure 277. Comparison of estimated char depth from experimental data and the

calculated char depth (1RX4).
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Test (1RX6), Redwood, across grain at 25 kW/m? for 75 minutes.
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Figure 278. Rate of heat release (1RX6).
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Figure 279. Temperatures measured in sample (1IRX6).
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Figure 280. Comparison of dimensionless burning rate using derived properties for
species and orientation (1RX6).
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Figure 281. Comparison of burning rate using derived properties for species and
orientation (1RX6).
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Figure 282. Comparison of measured and calculated thermal penetration depth (1RX6).
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Figure 283. Comparison of estimated char depth from experimental data and the
calculated char depth (1RX6).
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Test (1IRX7), Redwood, across grain at 50 kW/m? for 25 minutes.
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Figure 284. Rate of heat release (1RX7).
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Figure 285. Temperatures measured in sample (1RX7).
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Figure 286. Comparison of dimensionless burning rate using derived properties for
species and orientation (1RX7).
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Figure 287. Comparison of burning rate using derived properties for species and

orientation (1RX7).
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Figure 288. Comparison of measured and calculated thermal penetration depth (IRX7).
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Figure 289. Comparison of estimated char depth from experimental data and the

calculated char depth (1RX7).
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Test (1RX8), Redwood, across grain at 50 kW/m? for 25 minutes.
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Figure 290. Rate of heat release (1RXS).
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Figure 291. Temperatures measured in sample (1RXS).
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Figure 292. Comparison of dimensionless burning rate using derived properties for
species and orientation (1RXS).
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Figure 293. Comparison of burning rate using derived properties for species and
orientation (1RX8).
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Figure 294. Comparison of measured and calculated thermal penetration depth (1RX8).
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Figure 295. Comparison of estimated char depth from experimental data and the

calculated char depth (1RXS).

314




Test (1RX9), Redwood, across grain at 50 kW/m? for 25 minutes.
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Figure 296. Rate of heat release and heat of combustion (1RX9).
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Figure 297. Comparison of dimensionless burning rate using derived properties for
species and orientation (1RX9).
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Figure 298. Comparison of burning rate using derived properties for species and

orientation (1RX9).
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Test (1IRX10), Redwood, across grain at 35 kW/m? for 25 minutes.

250 | 0
T 3
«— Rate of heat release
~— Heat of combustion 125
200 |
E 4 20 3
= =]
_g_ 150 | :
Y =
8 £
&
3 15 E
5 E
; 100 4 | .,E
" 108
[-4 =
50 |
15
- “ e P—
0 3 . . ; : . : . . T , . 0
0 120 240 360 480 600 720 840 960 1,080 1,200 1,320 1,440

Time [s)

Figure 299. Rate of heat release and heat of combustion (1RX10).
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Figure 300. Comparison of dimensionless burning rate using derived properties for

species and orientation (1RX10).
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Figure 301. Comparison of burning rate using derived properties for species and

orientation (1IRX10).
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Test (10L1), Red oak, along grain at 25 kW/m? for 25 minutes.
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Figure 302. Rate of heat release and heat of combustion (10L1).
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Figure 303. Temperatures measured in sample (10L1).
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Figure 304. Comparison of dimensionless burning rate using derived properties for

0.030
i
0.025 |

0.020 |

[=3
[=]
—
(%]
L

Burning rate [kg/s.m?|

S
=
=}
\

0.005 |

0.000

species and orientation (10L1).

)

Experimental data (1)
- - — Small-time solution (2)
— - Long-time solution (3)

300 360 480

Time [s]

60 120 180 240

Figure 305. Comparison of burning rate using derived properties for species and
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Figure 306. Comparison of measured and calculated thermal penetration depth (10L1).
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Figure 307. Comparison of estimated char depth from experimental data and the
calculated char depth (10L1).
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Test (10L2), Red oak, along grain at 25 kW/m? for 75 minutes.
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Figure 308. Rate of heat release (10L2).
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Figure 309. Temperatures measured in sample (10L2).
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Figure 310. Comparison of dimensionless burning rate using derived properties for
species and orientation (10L2).
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Figure 311. Comparison of burning rate using derived properties for species and
orientation (10L2).

323




0.040 _

0 Thermocouple data o] -
0.035 Pre-ignition solution (1) -
- ~ - Short-time solution (2) @ - -
0.030 | — — Long-time solution (3) P
_ -~
-
-

0.025 | -
— -~ 0
E. P -
= 0020 . -
Y
a

0.015 |

0.010 |

0.005 .

0 60 120 180 240 300 360 420 480 540 600 660 720

Time [s}

Figure 312. Comparison of measured and calculated thermal penetration depth (10L2).
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Figure 313. Comparison of estimated char depth from experimental data and the
calculated char depth (10L2).
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Test (10L3), Red oak, along grain at 75 kW/m? for 25 minutes.
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Figure 314. Rate of heat release and heat of combustion (10L3).
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Figure 315. Temperatures measured in sample (10L3).
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Figure 316. Comparison of dimensionless burning rate using derived properties for
species and orientation (10L3).
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Figure 317. Comparison of burning rate using derived properties for species and

orientation (10L3).
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Figure 318. Comparison of measured and calculated thermal penetration depth (10L3).
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Figure 319. Comparison of estimated char depth from experimental data and the

calculated char depth (10L3).
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Test (10L4), Red oak, along grain at 75 kW/m? for 25 minutes.
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Figure 320. Rate of heat release and heat of combustion (10L4).
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Figure 321. Temperatures measured in sample (10L4).
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Figure 322. Comparison of dimensionless burning rate using derived properties for
species and orientation (10L4).
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Figure 323. Comparison of burning rate using derived properties for species and
orientation (10L4).
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Figure 324. Comparison of measured and calculated thermal penetration depth (10L4).
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Figure 325. Comparison of estimated char depth from experimental data and the
calculated char depth (10L4).
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Test (10L5), Red oak, along grain at 75 kW/m? for 25 minutes.
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Figure 326. Rate of heat release and heat of combustion (10L5).
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Figure 327. Temperatures measured in sample (10L5).

331




—— Experimental data (1)
1.6 | ~ — — Small time solution (2)
— — Long time solution (3)

Dimensionless burning rate, M |-|

0.0 0. 0.2 03 04 0.5 0.6 0.7 0.3 0.9 1.0
Dimensionless time, T - 7, [}

Figure 328. Comparison of dimensionless burning rate using derived properties for
species and orientation (10L35).
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Figure 329. Comparison of burning rate using derived properties for species and
orientation (10L5).
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Figure 330. Comparison of measured and calculated thermal penetration depth (10L5).
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Figure 331. Comparison of estimated char depth from experimental data and the

calculated char depth (10L5).
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Test (10X1), Red oak, along grain at 25 kW/m? for 25 minutes.
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Figure 332. Rate of heat release (10X1).
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Figure 333. Temperatures measured in sample (10X1).
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Figure 334. Comparison of dimensionless burning rate using derived properties for
species and orientation (10X1).
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Figure 335. Comparison of burning rate using derived properties for species and
orientation (10X1).
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Figure 336. Comparison of measured and calculated thermal penetration depth (10X1).
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Figure 337. Comparison of estimated char depth from experimental data and the

‘calculated char depth (10X1).
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Test (10X2), Red oak, along grain at 25 kW/m? for 75 minutes.
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Figure 338. Rate of heat release (10X2).
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Figure 339. Temperatures measured in sample (10X2).
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Figure 340. Comparison of dimensionless burning rate using derived properties for
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Figure 341. Comparison of burning rate using derived properties for species and

orientation (10X2).
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Figure 342. Comparison of measured and calculated thermal penetration depth (10X2).
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Figure 343. Comparison of estimated char depth from experimental data and the
calculated char depth (10X2).
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Test (10X3), Red oak, along grain at 75 kW/m? for 25 minutes.
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Figure 344. Rate of heat release and heat of combustion (10X3).
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Figure 345. Temperatures measured in sample (10X3).
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Figure 346. Comparison of dimensionless burning rate using derived properties for

species and orientation (10X3).
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Figure 347. Comparison of burning rate using derived properties for species and

orientation (10X3).
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Figure 348. Comparison of measured and calculated thermal penetration depth (10X3).
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Figure 349. Comparison of estimated char depth from experimental data and the
calculated char depth (10X3).
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Test (10X4) : Red oak, along grain at 75 kW/m? for 25 minutes.
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Figure 350. Rate of heat release and heat of combustion (10X4).
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Figure 351. Temperatures measured in sample (10X4).
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Figure 352. Comparison of dimensionless burning rate using derived properties for
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Figure 353. Comparison of burning rate using derived properties for species and
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Figure 354. Comparison of measured and calculated thermal penetration depth (10X4).
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Figure 355. Comparison of estimated char depth from experimental data and the

calculated char depth (10X4).
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Test 10X5 : Red oak, along grain at 75 kW/m? for 25 minutes.
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Figure 356. Rate of heat release and heat of combustion (10X5).
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Figure 357. Temperatures measured in sample (10X5).
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Figure 358. Comparison of dimensionless burning rate using derived properties for
species and orientation (10X35).
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Figure 359. Comparison of burning rate using derived properties for species and
orientation (10X5).
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Figure 360. Comparison of measured and calculated thermal penetration depth (10X5).
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Figure 361. Comparison of estimated char depth from experimental data and the
calculated char depth (10X5).
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Test (IML1), Maple, along grain at 75 kW/m? for 25 minutes.
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Figure 362. Rate of heat release and heat of combustion (1IML1).
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Figure 363. Temperatures measured in sample (IML1).
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Figure 364. Comparison of dimensionless burning rate using derived properties for
species and orientation (1ML1).
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Figure 365. Comparison of burning rate using derived properties for species and
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Figure 366. Comparison of measured and calculated thermal penetration depth (1IML1).
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Figure 367. Comparison of estimated char depth from experimental data and the

calculated char depth (1IML1).
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Test (IML2), Maple, along grain at 75 kW/m? for 25 minutes.
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Figure 368. Rate of heat release and heat of combustion (1ML2).
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Figure 369. Temperatures measured in sample (1ML2).
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Figure 371. Comparison of burning rate using derived properties for species and

orientation (1ML2).
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Figure 372. Comparison of measured and calculated thermal penetration depth (1ML2).
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Figure 373. Comparison of estimated char depth from experimental data and the
calculated char depth (1ML2).
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Test (IML3), Maple, along grain at 75 kW/m? for 25 minutes.
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Figure 374. Rate of heat release and heat of combustion (1IML3).
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Figure 375. Temperatures measured in sample (1ML3).
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Figure 376. Comparison of dimensionless burning rate using derived properties for

species and orientation (1ML3).
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Figure 377. Comparison of burning rate using derived properties for species and

orientation (1ML3).
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Figure 378. Comparison of measured and calculated thermal penetration depth (1ML3).
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Figure 379. Comparison of estimated char depth from experimental data and the

calculated char depth

(IML3).
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Test (IML4), Maple, along grain at 25 kW/m? for 25 minutes.
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Figure 380. Rate of heat release and heat of combustion (1ML4).
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Figure 381. Temperatures measured in sample (1ML4).
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Figure 382. Comparison of dimensionless burning rate using derived properties for
species and orientation (1ML4).

0.035

0.030 |

0.025 -

0.020 |

0.015 |

Burning rate [kg/s.m’}

0.010 -

0.005 |

0.000

Experimental data (1)
— - — Small-time solution (2)
— _ Long-time solution (3)

60 120 180

240

480 540 600

Figure 383. Comparison of burning rate using derived properties for species and

orientation (1ML4).
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Figure 384. Comparison of measured and calculated thermal penetration depth (1ML4).
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Figure 385. Comparison of estimated char depth from experimental data and the
calculated char depth (1ML4).

360




Test (IMLS5), Maple, along grain at 25 kW/m? for 75 minutes.
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Figure 386. Rate of heat release (1MLS5).
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Figure 387. Temperatures measured in sample (1MLS5).
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Test (IMX1), Maple, across grain at 25 kW/m? for 25 minutes.
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Figure 388. Rate of heat release (1IMX1).
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Figure 389. Temperatures measured in sample (1MX1).
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Figure 390. Comparison of dimensionless buming rate using derived properties for
species and orientation (1MX1).
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Figure 391. Comparison of burning rate using derived properties for species and
orientation (1MX1).
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Figure 392. Comparison of measured and calculated thermal penetration depth (1IMX1).
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Figure 393. Comparison of estimated char depth from experimental data and the

calculated char depth (1MX1).
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Test (IMX2), Maple, across grain at 25 kW/m? for 75 minutes.
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Figure 394. Rate of heat release (1MX2).
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Figure 395. Temperatures measured in sample (1IMX2).
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Figure 396. Comparison of dimensionless burning rate using derived properties for
species and orientation (1MX2).
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Figure 397. Comparison of burning rate using derived properties for species and
orientation (1MX2).
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Figure 398. Comparison of measured and calculated thermal penetration depth (1MX2).
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Figure 399. Comparison of estimated char depth from experimental data and the
calculated char depth (1IMX2).
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Test (IMX3), Maple, across grain at 75 kW/m? for 25 minutes.
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Figure 400. Rate of heat release and heat of combustion (1MX3).
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Figure 401. Temperatures measured in sample (1MX3).
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Figure 402. Comparison of dimensionless burning rate using derived properties for
species and orientation (1IMX3).
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Figure 403. Comparison of bumning rate using derived properties for species and
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Figure 404. Comparison of measured and calculated thermal penetration depth (1MX3).

0.025 -

0.020 |

0.015

Depth {m}

0.010 |

o Thermocouple data at Tig

Experimental data (1)
- — — Short-time solution (2)
— — Long-time solution (3)

% Thermocouple data at Tchar

120 240 360 480

1,080 1,200 1,320

Figure 405. Comparison of estimated char depth from experimental data and the
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Test (1MX4), Maple, across grain at 75 kW/m? for 25 minutes.

300 . 730
= Rate of heat release T+ 45
250 e Heat of combustion
140
L 35
200 |

w
<

150

i

o
P=3 w
Heat of combustion [MJ/kg]

Rate of heat release [kW/m %)

i1
—
w

T A )
+ 10
50 “
5
[} 120 240 360 480 600 720 840 960 1,080 1,200 1,320 1,440
Time [s]
Figure 406. Rate of heat release and heat of combustion (1MX4).
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Figure 407. Temperatures measured in sample (1IMX4).
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Figure 408. Comparison of dimensionless burning rate using derived properties for
species and orientation (1MX4).
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372




0.050 .

=]
0.045 - —
o -~
0.040 | - —
0.035 | O - -
- -

0.030 - -
= -
E -
< 0025 -
£ o .~
a -~

0.020 4 -

~
s
0.015 _ Ve
/s 00 Thermocouple data
0.010 | D/ @ Pre-ignition solution (1)
Ve _ — — Short-time solution (2)
0.005 _/ —  — Long-time solution (3)
(4))]
0.000 r . . r . T T —
0 60 120 180 240 300 360 420 480
Time |s]

Figure 410. Comparison of measured and calculated thermal penetration depth (1IMX4).

0.025 .
¢ Thermocouple data at Tig © X
% Thermocouple data at Tchar
Experimnental data (1
0.020 . , 0
_ ~ _ Short-time solution (2)
— — Long-time solution (3)
0.015 |
E
-
B
a
0.010 |
0.005
0.000 |~ . . ; . . ; . . : . ; .
0 120 240 360 430 600 720 840 960 1,080 1,200 1,320 1,440

Time {s}]

Figure 411. Comparison of estimated char depth from experimental data and the

calculated char depth (1MX4).
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Test (IMXS5), Maple, across grain at 25 kW/m? for 75 minutes.
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Figure 412. Rate of heat release and heat of combustion (1MX5).
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Figure 413. Temperatures measured in sample (1MXS5).
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Figure 414. Comparison of dimensionless burning rate using derived properties for
species and orientation (1MXS5).
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Figure 416. Comparison of measured and calculated thermal penetration depth (1MX5).
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